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In the last 20 years, Displacement Ventilation (DV) has been widely used as a 
ventilation strategy for ensuring improved air quality throughout the occupied space 
and an efficient use of energy. This thesis evaluated the shortcomings of the 
conventional DV system, and proposed a novel enhanced DV system with aims to 
improve occupants’ thermal comfort. A newly developed concept of improvement of 
occupants’ thermal comfort due to enhanced convective cooling caused by elevated 
air movement around human body with the help of four fans mounted at each corner 
of a chair was studied in mock-up office rooms served by DV system.  
 
The objectives focus on the evaluation of the effect of the enhanced DV system on the 
velocity and temperature distributions in space, the impact on occupants’ thermal 
sensation, the implications of personal control over the novel system to improve thermal 
comfort, and the contaminant transportation between occupants. Data were obtained 
through objective measurements and subjective responses with 32 tropically-
acclimatized university students. The experiments were performed at different flow 
rates from the fans (low, medium and high), different discharge angles of the flow 
against the body (0°, 30° and 60°), and different room air temperatures (22 °C, 24 °C 
and 26 °C). The heat load in the room and the supply flow rate from the DV diffusers 
were kept constant during the experiments. In some of the experiments, the subjects 
were encouraged to change the fan speed and thus to select the preferred local 
velocity near the body. In the experiments designed to study transportation of 
xi 
 
contaminants between two occupants, breathing thermal manikins were employed and 
the importance of the layout of workplaces on the transportation of pollutants was 
studied in addition to the above specified parameters. Two tracer gases were used to 
study the effect of the enhanced DV system on the contaminant transportation as well 
as the distribution in the occupied zone. The exhaled air from a breathing polluting 
manikin was marked by a tracer gas Freon, while another tracer gas, CO2, was 
injected on a table in front of the polluting manikin to serve as a passive contaminant 
source.    
 
The use of the fans assisted more cool air from the floor level to be transferred to the 
occupants, and thus enhanced the free convection flow around them. The vertical 
temperature gradient profiles became steeper between the vertical region of 0.6 m and 
1.7 m, which was above the level where the fans were installed.  
 
The human subject responses to the enhanced DV system revealed that the people’s 
thermal sensation could be substantially improved at high ambient room air 
temperature of 26 °C, while at lower ambient air temperatures, the effect was less 
visible. The calf, the waist, the feet and the arms were the body parts more prone to 
the draught risk due to the airflow generated by the enhanced DV system. An 
equation which could be used to predict occupant’s whole body thermal sensation 
based on the local thermal sensation of the identified body parts was developed. 
Optimum fan speeds for different room ambient air temperatures were recommended 
for follow-up studies based on the subjective responses. Further investigation also 
revealed that it provided the best cooling effect when the fans were adjusted at 30° to 
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the horizontal plane. Thermal sensation studies between different genders found that 
male subjects were more tolerant to draught due to the attire difference.  
 
Subjects exercised the provided controls over the fan speed and discharge angle of the 
flow generated by the fans mainly within the first one hour of the experiments. The 
preferred fan speed varied according to the ambient room air temperatures. At low 
ambient room air temperatures of 22 °C and 24 °C, a low fan speed (fan outlet 
velocity 0.48 m/s) was preferred. At the room air temperature of 26 °C, a high speed 
(fan outlet velocity 1.87 m/s) was used by the subjects. The optimal thermal sensation 
was achieved when the fans were adjusted at 30° to the horizontal plane. 
 
The contaminant transportation study showed that the transportation of exhaled air 
from one manikin to the other increased when the enhanced DV system was used 
since the use of the fans caused mixing of the exhaled air with the room air. The cross 
transportation of exhaled air between the manikins depended on the arrangements of 
room layout, while the impact of the fan speed and discharge angle were insignificant. 
The least cross contamination was observed when an exposed occupant was seated 
behind a polluting occupant and both were facing the same direction and the worst 
scenario occurred when two occupants were facing each other. 
 
Energy saving study also showed that the energy consumption in such an office 
premise might be reduced by approximately 19% with the help of the enhanced DV 
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CHAPTER 1      INTRODUCTION 
 
1.1 Background  
Air-conditioning systems have to be designed to provide good thermal comfort and 
high level of Indoor Air Quality (IAQ). However, due to the recent oil hikes in 2008 
and the global financial meltdown in 2008/2009, energy consumption has once again 
become a big concern, and the crucial importance of energy saving is highlighted yet 
again. The switch to energy-efficient systems has been a continuous trend in the 
building industry since the last energy crisis in 1970’s, but its vital existence has been 
specially emphasised during this period of financial downturn, coupled with renewed 
interest in more green and  environmentally responsible technologies.  
 
A typical way to reduce the energy consumption of ventilation systems in buildings is 
to have better insulation to reduce the heat exchange as well as a lower ventilation 
rate. However, a reduction of air supply may lead to an increase in the concentration 
of indoor pollutants, which will eventually affect occupants’ health. World Health 
Organization’s statistics (1999) showed that up to 90% of a typical person’s time was 
spent indoors. Hence, providing good IAQ is essential for the prevention of the 
transference of human diseases and one of the most effective ways to improve general 
comfort and welfare. Therefore, an efficient air-conditioning and ventilation system is 
required to ensure good IAQ for occupants in addition to thermal comfort. Poor IAQ 
can lead to sick building syndromes or building related illnesses. Headaches, burning 
and itching eyes, respiratory difficulties, skin irritation, nausea, and fatigue are some 
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of the common complaints brought up in relation to poor IAQ (Hays et al., 1995). The 
United States Environmental Protection Agency has estimated that the United States 
spends over US$ 1 billion in direct medical costs attributable to IAQ problems. The 
Agency’s estimated projection is US$ 60 billion lost annually in decreased 
productivity brought about by poor IAQ (Walsh et al., 1984). 
 
1.2 Displacement Ventilation 
To solve the above-mentioned building related problems, Displacement Ventilation 
(DV) can be a solution to the interest in energy saving and improved IAQ (Riffat et 
al., 2004). DV has been widely adopted in Scandinavian countries in 1980s for use in 
large spaces such as theatres and assembly halls.  It was estimated that DV accounted 
for a 50% market share in industrial applications and 25% in office applications in the 
Nordics (Svensson, 1989). In recent years, DV systems have become increasingly 
popular as a green alternative to other common forms of air-conditioning system, 
extended to new applications such as classrooms, offices and other commercial spaces 
(Nishioka et al., 2000).  
 
DV is essentially buoyancy driven with cold air being supplied at a low velocity at 
lower level of the occupied zone, and extracted at ceiling level. The air flows upward 
by means of rising convection, generated by the surrounding heat sources which 
transport air from the lower clear zone into the upper polluted zone of the room. 
Hence, the room is divided into two zones namely the fresh occupied lower zone and 
the polluted unoccupied upper zone. The imaginary line that differentiates the two 
zones is commonly known as the thermal stratified height or level. This stratified 
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height should be kept above the occupants’ breathing zone to ensure a clean 
environment for occupants to work in.  
 
The air temperature profiles in a space served by DV system are nearly constant in the 
horizontal direction except in regions near supply diffusers and heat sources. It is 
inherent that vertical temperature gradients do exist. The vertical temperature gradient 
is always positive as temperature increases from the floor level to the ceiling level.  
Xu et al. (2001) studied the vertical temperature distribution in a thermal chamber 
with different cooling loads. It was observed that the vertical temperature profiles 
could be separated into two regions when the indoor heat sources were present, 
namely steep temperature gradient (from floor level to about 1.2 m high) and gentle 
temperature gradient (from 1.2 m high to ceiling level). Similarly, Yuan et al. (1999a) 
conducted both objective measurements and Computational Fluid Dynamics (CFD) 
modeling and found that the temperature gradient at the lower part would be 
considerably larger than at the upper part when most of the heat sources were in the 
lower part of the room. Hence, the vertical temperature difference is an important 
factor for the thermal comfort of occupants in a space served by DV system. 
 
Another important criterion for the evaluation of a ventilation system is the annual 
energy consumption over a life-cycle. DV provides effective ventilation, since the 
supply air is delivered directly to the occupied zone. Hence, DV can use less energy 
while providing thermally comfortable environment and better IAQ if the system is 
well designed and controlled. Hu et al. (1999) used a detailed computer simulation 
method to compare the energy consumptions of DV with Mixing Ventilation (MV) 
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systems for an individual office, a classroom, and a workshop for five US climatic 
regions. Livchak and Nall (2001) also did a similar simulation for a computer room. 
Both studies showed that the total energy consumption of a DV system could be up to 
33% less as compared to a MV system. 
 
As mentioned earlier, air quality in air-conditioned spaces is important for occupants’ 
health and well-being. Seppänen et al. (1989) used simulation to compare the air 
quality and thermal comfort in commercial buildings served by DV or MV systems. 
The study demonstrated that IAQ in the occupied zone of a room served by DV 
system was better than that served by MV system. Studies also showed that the 
airflow pattern in a room with DV not only has a temperature gradient but also a 
contaminant gradient. The contaminant distribution was normally correlated with 
contaminant sources and heat sources (Brohus and Nielsen, 1996). Bjørn and Nielsen 
(1996) studied contaminant transportation between two breathing thermal manikins 
standing in a displacement ventilated room. The results of their study revealed that the 
inhaled air concentration was significantly higher than in the exhaust when the 
manikins exhaled directly towards each other. The exposure to the contaminant 
decreased as the distance between the manikins increased.  
 
1.3 Motivation  
DV systems could consume less energy and provide better IAQ than MV systems due 
to its principle of delivering air to the space. However, the stratified height in a 
displacement ventilated space might not always stay above the breathing zone. This is 
especially so in small premises. In such a situation, the level of the polluted air is 
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closer to the floor level; hence more contaminated air would be entrained by the free 
convection airflows around occupants, which could result in worse air quality at the 
breathing zone of an occupant. The mixing of the clean and cool air near the floor 
with the polluted and warmer air at higher levels caused by walking occupants may 
also undermine the performance of DV, causing a decrease of the inhaled air quality. 
Research (Halvoňová and Melikov, 2009) showed that the location of a walking 
person was important. Persons walking close to displacement diffusers would cause 
greater disturbance. 
 
Just like other mechanical ventilation strategies, DV is still unable to satisfy each 
individual occupant within the same space. Thus, having a personal control over room 
conditions might be a possible solution to address the issue. In the joint survey done 
by the Building Owners and Managers Association and Urban Land Institute (1999), 
office tenants felt that having personal controls over room conditions was an 
important feature to achieve comfortable local thermal environment. As individual 
differences in thermal preference of people vary widely, an individual control may 
cater for such differences. Often, occupants complain of draught risk (i.e. unwanted 
local cooling of body due to air movement). Thus, personal control of air movement 
and temperature at the vicinity of human body can allow all occupants, each with 
different thermal threshold, to feel comfortable. Personal control eliminates the one-
size-fits-all conception. Currently, in rooms served by DV system, the indoor 
condition is controlled by the central air-conditioning system and all room occupants 
have to accept the provided thermal environment rather than individually preferred 




In addition, occupants are prone to draught risk more readily when seated nearer to 
the DV supply terminal units (Yu et al., 2005). Draught is an area that must not be 
neglected as it is one of the major factors that will impact significantly to local 
discomfort (Pitchurov et al., 2002; Melikov et al., 2005). One of the possible 
solutions that were practiced in some countries is to increase the supply air 
temperature from the DV diffusers, so that the energy use as well as the draught 
discomfort at the feet would decrease. However this will increase the temperature in 
the room leading to complaints of thermal discomfort. Furthermore increase of 
temperature and humidity of room air will decrease perceived air quality. Fang et al. 
(1998) documented that there was a strong and significant impact of temperature and 
humidity on the perception of air quality. Within a temperature range of between 
18 °C and 28 °C and a corresponding Relative Humidity (RH) between 30% and 70%, 
it was found that air was monotonically perceived as less acceptable with increasing 
temperature and humidity. Significant correlation was found between acceptability 
and enthalpy of the air at the tested pollution levels. Based on a field study in rooms 
with DV Melikov et al. (2005) concluded that increased temperature of the inhaled air 
was an important reason for IAQ complaints of occupants. 
 
In order to address the problems of negative impact of increased temperature and 
humidity on thermal sensation in spaces served by DV system and improve its 
performance, research has been reported in combining the DV system with other air-
conditioning systems, such as chilled ceiling and Personalized Ventilation (PV) 
systems (Cermak et al., 2004; Melikov et al., 2003; Riffat et al., 2004). Melikov et al. 
(2008a) found that facially applied airflow with elevated velocity could compensate 
for the negative impact of increased RH on perceived air quality. Melikov and 
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Kaczmarczyk (2008b) also found that the positive impact of elevated velocity on 
perceived air quality was larger at high temperature than at low temperature, and it was 
larger at high pollution level than at low pollution level.  
 
In conclusion, DV when implemented in spaces with low heat sources and low ceiling 
heights may not perform well with regard to occupants’ thermal comfort and inhaled 
air quality as compared to spaces with higher ceilings, as well as higher heat sources. 
This study proposes and explores a novel method for enhancement of the performance 
of DV in small premises with relatively low ceiling heights and low heat loads by 
providing each occupant with personal controls over his/her local micro-climate. The 
novel enhanced DV system will be discussed in Chapter 3, and this thesis focuses on 
the temperature, thermal comfort, and personal controls of the subjects in relation to 
the novel system, as well as the IAQ and contaminant transportation between two 
occupants in enhanced DV ventilated rooms.  
 
1.4 Structure of Thesis 
The scope of work and the structure of this thesis in each chapter are described briefly 
as follows:  
 
Chapter One introduces the background of the conventional DV system, and the 




Chapter Two reviews the past research work and findings on the conventional DV 
systems in relation to temperature distribution, thermal plume and concentration 
distribution and how personal controls could help to achieve higher satisfaction for 
more occupants within the same space. In addition, insights of the past studies on 
human perceptions to thermal comfort and draught risk are given to help in the 
development of this thesis. This enables the identification of the knowledge gaps in 
the last section of this chapter. The identified knowledge gaps give a general overview 
towards the motivation of this study.  
 
Chapter Three presents the mechanism of enhancing the conventional DV system, 
and explains the research objectives to allow an understanding on the purpose of this 
study. This chapter also derives the research hypotheses to be tested in the series of 
studies.  
 
Chapter Four states the methodology of the research which includes how the 
research is designed, the types of instruments used, the experimental test conditions 
and procedures, modes of the data collection and finally, analysis of the data.  
 
Chapter Five analyses and discusses the results based on both objective 
measurements and subjective assessments in the parametric study. The objective 
measurements provide insights on the temperature, velocity and turbulence intensity 
profiles, as well as the impacts of the adoption of large and small fans in the enhanced 
DV system. Conversely, the subjective assessments focus on the thermal sensation, 
acceptability of the subjects in their responses to the enhanced DV system. 
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Furthermore, with the ability to adjust the fan speed during the experiments, personal 
control of occupants is investigated to find out whether it could satisfy the majority of 
the occupants within the same space.  
 
Chapter Six analyses and discusses the results based on further in-depth objective 
measurements and subjective assessments on the enhanced DV system using different 
discharge angles of airflow from the fans. The thermal perception is studied based on 
manikin-based equivalent temperature of different body segments. The subjective 
study focuses on the thermal sensation and acceptability of subjects in response to the 
enhanced DV system with different discharge angles of airflow. Furthermore, 
personal preference of occupants is investigated to determine whether the change of 
discharge angle could improve the level of acceptability among occupants within the 
same space.  
 
Chapter Seven examines the contaminant transportation between two breathing 
thermal manikins as well as the distribution in the occupied zone in a mock-up office. 
With varying the airflow direction from the fans and the mock-up office layout 
arrangements, two breathing thermal manikins are used to simulate the occupants with 
one served as a polluting manikin and the other one as an exposed manikin. Tracer 
gases are used to simulate the pollutants in the space. 
 
Chapter Eight evaluate the energy saving potential of the enhanced DV system, and 




Chapter Nine verifies the hypotheses, states the limitations of this study and 
discusses on the practical implementation of the enhanced DV system.  
 
Chapter Ten concludes with an overview of the results and findings of this study, the 





















CHAPTER 2      LITERATURE REVIEW 
 
DV systems were conceptualized and studied in 1938 and then first introduced for 
ventilation of industrial buildings in Scandinavian countries in 1978 (Breum and 
Orhede, 1994). Since then, they had flourished in the Nordics before eventually 
spreading worldwide as a ventilation strategy that secures improved air quality 
throughout occupied space while ensuring an efficient use of energy (Niemelä et al., 
2001).  
 
While the previous chapter introduces a brief principle of the DV system, this chapter 
looks closer into its characteristics and mechanisms, with reference to the findings of 
previous research. The areas covered in this chapter are as follows: 1) DV principle 
regarding temperature distribution, thermal plumes and concentration distribution; 2) 
Issues relating to thermal comfort; 3) Relevant studies pertaining to thermal comfort 
in the tropics; 4) Coupled systems with DV; and 5) Knowledge gaps. 
 
2.1 Characterisation of DV Principle 
2.1.1 Temperature Distribution in Spaces Served by DV System 
In rooms served by DV system, the airflow pattern is mainly dominated by the 
convection flows from heat sources or sinks present in the room. Clear horizontal air 
layers can be observed in displacement ventilated rooms. Air gets warmer along the 
vertical direction from the floor level to the ceiling level. The warm air is extracted in 
the upper portion of the ventilated room. The airflow in a typical DV ventilated room 
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is illustrated in Figure 2.1. Heat sources, such as humans, desk lamps, computers, etc., 
in the room create rising convection flows in the form of thermal plumes. The plumes 
draw air from the reservoir of cool clean air at a low level in the room. As a result, the 
air in the upper zone is warmer than air in the lower zone. 
 
 
Figure 2.1 Displacement ventilation 
(Source: Rees and Haves, 2001) 
 
The dimensionless air temperature, κ, is used to study airflow patterns of DV system. 










                                                                                                               (2-1) 
 
Where: 








θs   - The supply air temperature, [°C]; and 
θe   - The exhaust air temperature, [°C]. 
 







                                                                                                
 
                                                                                                                
 








Figure 2.2 Temperature stratification in a displacement ventilated room 
(Source: REHVA, 2002) 
 
Vertical temperature distributions depend largely on supply air velocity and 
temperature. At low supply air velocities, vertical temperature differences in occupied 
zones are large. As supply air velocities increase, smaller vertical temperature 
distributions are formed (Mundt, 1996). Generally, the vertical temperature gradients 






















Nielsen (1996) proposed five vertical temperature distribution models with varying 
levels of complexity. Mundt (1996) found that the linear model was a good 
approximation in rooms of moderate heights. Hashimoto (2005) concluded that the 
vertical temperature profiles shifted approximately in parallel according to the change 
of supply air temperature. This meant that room air temperature at any height was 
controlled according to the regulation of supply air temperature when the set point 
room air temperature changed. 
 
Yuan et al. (1999a) measured and computed room airflow with DV for three typical 
room configurations: a small office, a large office with partitions and a classroom. 
Temperature stratification was clearly observed in rooms served by DV system. It was 
found that in the occupied zone, the temperature gradients were steeper. Since 
occupants occupy the lower zone of a room, this temperature stratification represents 
a potential risk of draught and thus it is critical to ensure that the temperature 
difference is sufficiently small between the head and feet levels. Hence, thermal 
comfort considerations imposed an upper limit to the allowable vertical temperature 
gradients in office spaces. ISO 7730 (2005) presents moderate thermal environments 
and recommends that vertical temperature difference between 0.1 m and 1.1 m above 
floor shall be less than 3 ˚C for thermal comfort.  
 
The temperature gradient in a room served by DV system is largely a function of 
internal heat loads and it limits the practical cooling load to about 30 W/m² to 40 
W/m² (Novoselac et al., 2002; Awbi et al., 2003). Rees and Haves (2001) developed a 
model of DV coupled with chilled ceiling system and found that the capacity of such 
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a system might be increased to approximately 80 W/m². This coupled system will be 
described later in this chapter. 
 
Figure 2.3 shows the range of cooling load per floor area investigated by some 
researchers. It can be seen that the research done on DV systems mainly covered 
relatively high cooling load (higher than 15 – 20 W/m2). Displacement ventilated 










Fig 2.3 Range of cooling load per floor area investigated by some researchers 
(Source: Yuan et al., 1996) 
 
One of those few studies on displacement ventilated rooms with a low cooling load 
per floor area is an experiment by Aikimoto et al. (1995). The experimental 
conditions during human subject study performed are tabulated in Table 2.1.  
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The tests were designed to simulate typical office environment with occupants 
performing sedentary work (reading). The supply air volume was controlled to be 
constant at 159 L/s, equivalent to 6 room air changes per hour during the tests. 
 
Table 2.1 Experimental conditions for temperature distribution tests 
(Source: Aikimoto et al., 1995) 
 


















































* approximate rate of sensible heat 
 
Vertical air temperature distributions for every heat load case are plotted in Figure 2.4. 
The supply air volume was controlled to be constant. Plotted points were the average 
values of nine measurement points at the same vertical heights. Horizontal air 
temperature distributions were relatively uniform for each experiment. The results 
indicated that the vertical temperature gradients in the cases specified in Table 2.1 
with low cooling load per floor area values (close to 20 W/m2, Cases A, B and C) 
were not significant in the occupied zone for sedentary occupants. Especially for 
Cases A and B, the temperature difference between the floor level and 1.5 m height 



























Figure 2.4 Vertical air temperature distribution.  
Cases A, B, C, D, E, F are specified in Table 2.1 
(Source: Aikimoto et al., 1995) 
 
Vertical temperature distribution in a displacement ventilated room is also dependent 
of the vertical location of the heat sources (REHVA, 2002). When the heat sources are 
located in the lower part of a room, temperature gradient in the lower part is larger as 
compared to that in the upper part. On the other hand, the temperature gradient is 
smaller in the lower part and increases in the upper part when the heat sources are 
located at high level. Park and Holland (2001) used 2-dimensional computational 
simulations to examine the effect of vertical location of a convective heat source on 
thermal DV systems. The convective heat gain from the heat source to an occupied 
zone became less significant when the location of the heat source above the floor 
elevated. This effect changed the temperature field and resulted in the reduction of the 
cooling load in the occupied zone. Li et al. (2005) found that the stratification level 





2.1.2 Thermal Plumes 
Heat sources usually create upward convective flows in the form of thermal plumes. 
In rooms with DV, the plumes are influenced by the temperature stratification. 
Theoretically, the stratification height is the height where an airflow balance exists, i.e. 
the total upward flow rate is equal to the supply flow rate. The driving force for the 
plume is the temperature difference between the plume and the surroundings and 
when this difference diminishes, the plumes will disintegrate and spread horizontally 
in the room. That means the thermal plumes can only reach a maximum height in an 
environment with temperature stratification. Mundt (1992) and Nielsen (1993a) have 
summarized the convection flows above some common objects found in non-









Figure 2.5 Convection volume flow at normal room temperature above a sedentary person 
(Source: Mundt, 1992; Nielsen, 1993a) 
 
If a desk lamp and a computer have the same power input, the plume flow rate from 
the lamp is much smaller than that from the computer (Mundt, 1992) because the 
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Figure 2.6 Convection volume flow at normal room temperature above some objects 
(Source: Mundt, 1992; Nielsen, 1993a) 
 
Thermal plumes from humans, as a major heat source in a room, were extensively 
studied and a theoretical calculation expression to predict the thermal plumes over a 
seated person was eventually derived. Zukowska et al. (2007a) found that the thermal 
plumes generated by seated humans depended on clothing and chair configurations. 
The results revealed that the convective heat loss from the body changed inverse 
proportionally to the clothing thermal insulation and affected the enthalpy excess in 
the plume. The ratio between convection and radiation heat losses from the body had 
been also changed with different chair designs, and it had significant impact on the 
thermal plume above a seated person. Studies (Zukowska et al., 2007b; Zukowska et 
al., 2008a) also showed that the best way to simulate thermal plumes over a seated 
person was to use either manikins or dummies, provided the surface areas of both 
were the same. Simplified geometries, such as cylinders, failed to produce accurate 
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resemblance to real situations. This was because the thermal plumes from a cylinder 
and a human body / thermal manikin had different impacts on the stratification height 
in rooms with DV. A method for calculation of integral characteristics of thermal 
plumes was also proposed and verified by a full-scale experiment with a thermal 
manikin as a simulator of a sitting occupant (Zukowska et al., 2008b). 
 
2.1.3 Pollution Distribution and Indoor Air Quality in Spaces Served by DV 
System 
The main advantage of DV systems compared to MV systems is the provision of 
better air quality throughout the occupied zone. When the contaminant source is 
combined with the heat source, the plume carries the contaminants over the heat 
source to the upper zone of the room. Thus, the air in the upper zone will be polluted 
while the air in the lower zone still remains clean as shown in Figure 2.7. Entrainment 
of air in the human boundary layer is usually an advantage of DV when there are no 
passive contaminant sources, i.e. without any significant initial momentum or 
buoyancy, and/or positioned close to a person (Brohus, 1997). 
 
Figure 2.7 Contaminant distribution in a room served by DV 
(Source: REHVA, 2002) 
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To mathematically represent the above-mentioned contaminant distribution in a 
displacement ventilated room, a personal exposure model with considerations of the 
concentration gradients and the influence of human thermal boundary layer was 
proposed by Brohus (1997). A new quantity, the effectiveness of entrainment in the 
human boundary layer, was defined to express the ability to supply fresh air from the 
floor area to the breathing zone.  
 
Various field measurements were carried out to study the contaminant distribution. By 
using the age of air concept which determines how “stale” air has become by 
estimating the time since that air was delivered to the zone of interest (ASHRAE, 
1997), Seppänen et al. (1989) and Awbi (1998) found that air in the lower part of the 
room was much younger than in the upper part of the room, i.e. mean age of air near 
the floor was lower than that of the air in the upper zones in rooms. Awbi’s study 
(1998) further revealed that the age of air at the breathing zone was about 40% lower 
than the mean value of the occupied zone in a room served by DV system. The age of 
air was also used by Holmberg et al. (1990) to describe air movements and particle 
settling in a displacement ventilated room.  
 
Tracer gas technique was another common method used to study the contaminant 
distribution in rooms with DV. Studies (Mundt, 1994; Yuan et al., 1999b; Xu et al., 
2001; and Xing et al., 2001) showed that the tracer gas concentration in the lower 
zone was lower than that in the upper zone. This was also because the convective flow 
around a human body brought the clean air at a lower zone to the breathing zone. 
These findings also concurred with the CFD simulation results obtained by Yuan et al. 
(1999c), Murakami et al. (1998) and Holmberg et al. (2000). Ventilation effectiveness 
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was calculated in these studies. It is based on the room average contaminant 
concentration, the contaminant concentration at supply, and the contaminant 
concentration at exhaust. It is defined as the ability of a ventilation system to provide 
fresh air to the occupants and to dilute or remove the internally generated 
contaminants (ASHRAE 2001). The ventilation effectiveness of a DV system was 
predicted to vary between 1.2 and 2 as compared to the effectiveness 1.0 for a perfect 
MV. Raimundo et al. (2002) used CFD to assess the effectiveness of a DV system to 
remove a particulate pollutant that was generated in the occupied zone. The removal 
efficiency of the DV system showed better results than MV system, and it strongly 
depended upon the dimensionless parameter R related to the velocity and temperature 
fields. The removal efficiency grew from 40% to about 60% as R increased. 
 
The studies on the factors affecting the clean air in the lower zone of a room with DV 
system showed that the indoor concentration distribution depended on the supply 
airflow rate (Palonen et al., 1991; Skistad, 1994). It indicated that to ensure pollutants 
stratified in a layer above a person’s head, DV system might require considerably 
more outdoor air than the traditional MV system. This implied that the theoretically 
airflow rate of 10 – 15 L/s (36 – 54 m3/h) should be higher in order to improve DV 
efficiency to achieve occupants’ comfort satisfaction.  
 
Numerous studies as discussed above showed that DV system outperformed MV 
system in terms of provision good IAQ in the occupied zone, yet Holmberg and Chen 
(2003) reported that there were still instances where some pollutants did not follow 
the upward convective airflow and remained in the occupied zone. Studies showed 
that factors like locations of heat or contaminant sources, climate conditions and the 
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room configurations were among the major reasons for transport of pollution in rooms 
with DV. 
 
Stymne et al. (1992) indicated that if the source was too low, the thermal plumes 
might disintegrate at a lower level and the contaminants would then be trapped at this 
level, and only slowly transported indirectly by the stronger convection flows to the 
upper zone. Murakami et al. (1998) used CFD and showed that the air quality at the 
breathing zone depended on the location of the contaminant generation. When the 
contaminants were generated in the upper part of the room, above the breathing height, 
and the air in the lower part of the room was relatively clean, the rising stream of air 
had a positive influence on the quality of the inhaled air. Conversely, the rising stream 
had a negative influence on the quality of the inhaled air when the contaminants were 
generated in the lower part of the room, below the breathing height. 
 
Nielsen (1993b) pointed out that in temperate countries like Denmark, the 
contaminant concentration was also influenced by the downward directed convection 
flows that might occur at the outer walls in cold seasons, especially when the walls 
were poorly insulated. These downward flows would then transport the contaminants 
from the upper zone back to the lower zone. However, as long as there was a positive 
concentration gradient in the room, the contaminant concentration in the occupied 
zone would always be lower than MV. 
 
Zhang et al. (2006) investigated the effect of the position of doors on performance of 
DV system by using a validated CFD simulation. It was found that the presence of 
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large heat sources could cause the lateral movement of airflow, disrupted the 
convection effect which DV system relied on. Doors could create this situation when 
they were opened by changing the thermal boundary conditions of indoor spaces.  
 
DV system uses the natural buoyancy of warm air to provide improved ventilation 
and comfort. Thus another key parameter affecting the performance of DV is the 
space height of displacement ventilated rooms. The space height, also known as the 
headroom, is the height from the floor to the ceiling. In REHVA Guidebook for 
Displacement Ventilation in Non-industrial Premises (2002), it is suggested that DV 
is mostly effective for buildings with space height over 3 m. It is concluded that DV is 
mostly suitable for large buildings such as restaurants, meeting rooms and school 
classrooms. Studies reported by Skistad (1988), Niemela and Koskela (1996) 
supported the REHVA recommendations that the benefits of DV were most likely to 
be realized in spaces with high ceilings than those with low ceilings. It was measured 
that in a large industrial hall, the concentration of hexavalent chromium in the 
occupied zone was 2 or 3 times lower than that in the upper zone. Baker (2002) used 
CFD analysis to design a DV system for an indoor auto-racing complex. This single 
space building had large space height of 4.6 m. An air curtain was installed to isolate 
the spectators from the vehicle fumes. The CFD analysis found that this provided 
better IAQ in the occupied zones than through using a conventional overhead duct 
ventilation system.  
 
However, since DV is an energy-efficient ventilation strategy, its application has been 
gradually extended to small spaces with low ceilings such as office rooms. Waters et 
al. (1999) investigated the IAQ of an office accommodation to determine the air 
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quality and distribution by using CFD simulation. The office accommodation had a 
low floor to soffit clearance of 2.3 m. It was found that for sidewall DV systems, the 
presence of floor level obstructions led to bad IAQ because of the old mean air age in 
the occupied zone. 
 
Apart from the studies performed in a clam environment, as referred above, the 
physical activities such as human movements in a room served by DV system were 
found to have a strong influence on the contaminant distribution (Mattsson and 
Sandberg, 1994). Laboratory experiments carried out with cylindrical simulator or 
thermal manikins were performed by Mattsson et al. (1996, 1997). Bjørn et al. (1997) 
did a similar study with a breathing thermal manikin on the vertical contaminant 
distribution and the personal exposure of occupants. The results from these studies 
strongly suggested a consideration of human movements in the design of air 
distribution and analysis of contaminant distribution. Brohus et al. (1996) found that 
the movement of people caused an increase of the concentration of inhaled 
contaminants due to the disturbance to the free convection flow around people. This 
flow transported fresh air from the floor level to the breathing zone. Matsumoto and 
Ohba (2004) found that the interaction of the movement with the free convection flow 
depended on the moving speed of the occupant. The local air exchange index (LAEI) 
decreased as the moving speed increased. When an occupant moving at a speed of 1.0 
m/s, the LAEI in the occupied zone was 20% to 80% less than when it was standing 
still. The most significant effect on the ventilation effectiveness occurred when the 
occupant moved perpendicular to the supply airflow. Further studies on the various 
movement directions and patterns were investigated by Brohus et al. (2008) and 
Matsumoto et al. (2008). The results showed that a 2-dimensional movement tested in 
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the study had a stronger effect on air distribution than a 1-dimensional mode. 
However, the DV on average was still more effective than MV when movements 
prevailed, even though the movements reduced the effectiveness. All the studies 
generally agreed that the air quality in the breathing zone of a fast walking person (> 
1.0 m/s) could be considered the same as in the ambient air. Halvoňová and Melikov 
(2010) found that the location of a walking person was important, and it would cause 
greater disturbance when people walking closer to the displacement diffusers. 
 
2.2 Thermal Comfort in Spaces Served by DV System 
Thermal comfort is the condition of mind that expresses satisfaction with a thermal 
environment. In general, comfort occurs when body temperatures are held within 
narrow ranges where skin moisture is low, and the physiological effort of regulation is 
minimized (ISO Standard 7730, 2005; ASHRAE Standard 55, 2004). 
 
Stratification strategy of DV system leads to a risk of local discomfort due to vertical 
temperature difference and draught at the feet (Melikov and Nielsen, 1989). Present 
standards (ISO Standard 7730, 2005; ASHRAE Standard 55, 2004) have defined the 
requirements for local thermal discomfort due to the vertical temperature difference 
and the draught. Less than 15% of the occupants should be dissatisfied due to the 
vertical temperature difference in a vertical region between 1.1 m and 0.1 m with less 




As discussed previously, the room height plays an important role in the vertical 
temperature distribution in rooms served by DV system; hence it also affects the 
thermal comfort of the occupants in the space. Zhang et al. (2006) performed a CFD 
study of the impact of space height on the performance of DV in an office 
environment by varying the ceiling height from 2.3 m to 2.7 m. The CFD simulation 
showed that the increase in building space height resulted in a decrease in overall 
thermal comfort levels. The indoor environment was hotter in rooms with lower 
ceilings than higher ceilings. 
 
Wyon and Sandberg (1989) used thermal manikin to predict discomfort due to DV 
system. Serious local discomfort was identified, usually “too cold”, and most of it was 
due to cold legs, ankles and feet. Akimoto et al. (1999) evaluated the thermal comfort 
in a room with floor-supply DV system in comparison to a room served by DV 
system with a sidewall-mounted supply unit and a ceiling-based distribution system. 
Thermal stratification was observed, as there was a greater vertical air temperature 
difference in both of the displacement systems than in the ceiling-based system. This 
vertical temperature difference led to thermal discomfort in the rooms. 
 
2.2.1 Human Response to DV on Temperature Difference 
The above-mentioned imposition of a 3 °C/m limit on the vertical air temperature 
gradient arose from the research work conducted by Olesen et al. (1979). Sixteen 
subjects participated in the study with four different vertical air temperature 
differences, namely 0.4 °C/m, 2.5 °C/m, 5.0 °C/m and 7.5 °C/m. Based on the 
findings, a curve was plotted to help to predict the percentage of people feeling 
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discomfort due to a vertical temperature difference between the head and ankle levels. 
It showed that less than 5% to 10% of the population could feel uncomfortable due to 
a vertical air temperature difference if the difference was less than 3 °C/m to 4 °C/m. 
The thermal sensation votes showed that discomfort was attributed to warm head 
and/or cold feet. The subjective feeling of freshness of the air decreased with an 
increasing vertical air temperature difference. 
 
A series of subjective studies in a climate chamber served by DV system was 
conducted to investigate the mutual effect of local and overall thermal sensation and 
comfort in DV environment with different temperature gradients (Cheong et al., 2007; 
Yu et al., 2007). The subjects were engaged in sedentary office work for three hours. 
They were exposed to three vertical air temperature gradients, nominally 1 °C/m, 
3 °C/m and 5 °C/m, between 0.1 m and 1.1 m heights and three room air temperatures 
of 20 °C, 23 °C and 26 °C at 0.6 m height. Air velocity in the space near the subjects 
was kept at below 0.2 m/s. It was found that temperature gradient had different 
influences on thermal comfort at different overall thermal sensations (whole body 
thermal sensation). At overall thermal sensation close to neutral, only when room air 
temperature was substantially low, such as 20 °C, percentage dissatisfied of overall 
body increased with the increase of temperature gradient. At overall cold and slightly 
warm sensations, percentage dissatisfied of overall body was non-significantly 
affected by temperature gradient. Hence, the complaints towards temperature 





2.2.2 Human Response to DV on Draught Risk 
A large survey in buildings with DV was conducted by Melikov et al. (2005) and was 
concluded that the draught was the major thermal discomfort factor attributed 
significantly to the local discomfort in rooms with DV system. The ankles which were 
exposed to relatively high air velocity and low temperature were most sensitive to 
draught, especially during summer when they were not protected by clothing. Studies 
suggested that velocities ranging from 0.15 m/s to 0.25 m/s might be comfortable to 
occupants in rooms with DV (Melikov and Nielsen, 1989; Melikov et al., 1990; 
Melikov et al., 2005) 
 
Yu et al. (2005) reported that the subjects near to the DV terminal outlet experienced 
draught risk more readily than the subjects further away. The subjects near the outlet 
felt that their percentage dissatisfaction exceeded the predicted acceptable value of 
15%.  
 
Draught is related to the forced convective cooling of the skin. Occupants subjected to 
air movements experienced draught discomfort. However, draught sensation is not 
simply a complaint about high velocity. It is also associated with other factors such as 
air temperature, turbulence intensity, frequency of velocity fluctuations, thermal 
sensation, gender and etc. (Fanger et al. 1989, Zhou et al. 2002).   
 
Fanger and Pedersen (1977) found that the difference in frequency of the velocity 
fluctuations was critical to the draught sensation provided the mean velocity, 
turbulence intensity and air temperature were the same. Yang et al. (2002) 
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investigated the preferred conditions by the subjects when they were exposed to three 
sets of fluctuating airflows with frequencies of 0.1 Hz, 0.2 Hz and 0.3 Hz and a 
constant velocity airflow provided by Personalized Ventilation (PV) system. The 
subjects felt more uncomfortable under fluctuating velocities than constant velocity. It 
was identified that the uncomfortable nature of turbulence was caused by periodically 
fluctuating airflow which made the subjects feel distractive. Zhou et al. (2002) and 
Zhou and Melikov (2002) introduced a new airflow characteristic, the equivalent 
frequency, as an integral measure for the frequency of the random velocity 
fluctuations in rooms. Further investigations had revealed that the accuracy of 
determination of the equivalent frequency depended on the characteristics of the 
velocity. Results of the analyses identified that the equivalent frequency of the 
velocity fluctuations in rooms is between 0.1 Hz and 1 Hz, and 90 % of those records 
were between 0.2 Hz and 0.6 Hz which was within the frequency range identified to 
have most significant impact on people's draught sensation. 
 
Although air velocity within a space can lead to draught sensation, yet it is found that 
it could improve thermal comfort under warm conditions. Hence, the draught 
sensation is also dependent on the human thermal sensation.  
 
Studies (Fanger and Christensen, 1986; Fanger et al. 1988; Palonen and Seppänen, 
1990) showed that most draught complaints by building occupants were not solely 
due to the thermal condition of the space but very much subjected to their thermal 
sensation.  When subjected to cool thermal sensation, occupants tended to have more 




The impact of the overall thermal sensation on the draught perception was studied by 
Yu et al. (2006) in human subject experiments. At a room air temperature of 20 oC, 
the overall thermal sensation reported by the subjects was “cold” while the overall 
thermal sensation was slightly warm at 26 oC. In both cases, adjustment of clothing 
was restricted. The findings reported that overall thermal sensation had a great impact 
on overall draught ratings as it would be higher for colder sensation as compared to 
neutral or slightly warm sensations. Similarly, local thermal sensation would affect 
the draught rating at each body part. This research finding aligned to the results in the 
study of Toftum and Nielsen (1996).  
 
The study of Cheong et al. (2006a) contended that higher values of draught rating 
were obtained when subjects experienced higher variations in local skin surface 
temperature among body parts. The variations of the local skin surface temperature 
were especially greater at overall cold and cool thermal sensations than at overall 
neutral thermal sensation. This implied that the difference in skin surface temperature 
among each body parts was wide where some body parts experienced much lower 
temperature than other parts. Thus, subjects were more prone to draught risk at cold 
and cool thermal sensation.  
 
Differences of draught sensation under the same thermal condition were observed 
between male and female subjects. Generally, it was found that women felt 
significantly more often uncomfortable by draught and preferred a higher temperature 
than men (Fanger et al., 1988; Griefahn et al., 2001). Kumamoto (2007) also had 
similar findings, and discovered that male subjects had higher tolerance level to 
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coldness as they preferred cool and higher air velocity while female subjects preferred 
warm and lower air velocity.  
 
2.2.3 Implication of Personal Control 
In conventional air-conditioning strategies, occupants have no individual control over 
the room conditions, e.g. air velocity, etc. This may lead to a higher level of occupants’ 
dissatisfaction on thermal sensation. Olesen and Brager (2004) concluded that the 
personal control compensated occupants for their inter- and intra-individual 
differences in preferences when subjected to same thermal conditions within an office 
room. A demand of personal controls over the microclimate around the occupants was 
desired. The University of California (2000) reported in today’s work environment, 
significant variations in room conditions were required to accommodate individual 
comfort level because of individual differences in clothing, activity level and 
individual comfort preferences. In a joint survey by Building Owners and Managers 
Association and Urban Land Institute (1999), office tenants felt that having personal 
control over room conditions was an important feature to satisfy good local thermal 
environment. The laboratory tests in the University of California (2000) showed that 
commercially available fan-powered supply outlets providing personal cooling control 
of equivalent whole-body temperature were more than enough to accommodate 
individual thermal preferences. Amai et al. (2006) study showed that individual 
control of task systems allowed subjects to feel “comfortable” and their sensation 
stayed rather constant throughout each experiment as they did not experience same 
conditions which might result in thermal discomfort.  Melikov and Knudsen (2007) 
tested an Individually Controlled System (ICS) comprising PV, an under-desk air 
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terminal device supplying cool air, a chair with convectively heated backrest, an 
under-desk radiant heating panel, and a floor-heating panel at room air temperatures 
of 20 °C, 22 °C, and 26 °C. The subjects were provided with control of the flow rate 
and direction of the personalized air, the under-desk airflow rate, the temperature of 
the convection flow from the chair, and the surface temperature of the heating panels. 
The response of 48 subjects to the individually controlled microenvironment was 
studied. The results revealed that the thermal and air quality acceptability was 
significantly higher with the ICS at all room temperatures compared to the reference 
condition at a room temperature of 22 °C without ICS. Thus, ICS would increase the 
number of satisfied occupants when applied in practice.  
 
Indoor environmental conditions can also affect measures of productivity of workers 
in offices, and having the ability to control over the microclimate around occupants 
can help to improve the productivity. When the indoor temperature is outside of a 
comfort range from 21 – 25 °C, there is an average 2% decrement in work 
performance per degree C temperature rise. It has been suggested that providing 
workers with individual control over a +3 °C range should produce ~3% increase in 
cognitive and skilled manual performance and ~7% increase in typing performance 
(Wyon and Sandberg, 1996).  
 
2.3 Subjective Assessments in the Tropics 
Singapore is situated on the southern tip of the Malay Peninsula, with tropical 
rainforest climate characterised as abundant rainfall and high humidity associated 
with a low diurnal temperature range and relatively high air temperature throughout 
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the year. Human perception of air movement and thermal sensation may be affected 
by different climatic zones. People living in a tropic climate may perceive thermal 
environment differently from those in temperate climate due to differences in 
physiological acclimatization, clothing, behaviour, habituation and expectation. It is 
found that normal tropic acclimatized people have a wider comfort zone and more 
tolerant to thermal environment than those from the temperate climate (Yu et al., 
2007). 
 
De Dear et al. (1991) performed thermal comfort field experiments in Singapore. 
Results for the air-conditioned sample indicated that office buildings were overcooled, 
causing up to one-third of their occupants to experience cool thermal sensation. The 
Predicted Mean Vote (PMV) model’s predicted neutralities were all slightly warmer 
than the empirically observed neutralities by approximately 1 °C. 
 
Busch (1992) conducted a field study in Thailand. Whole-body rates of heat loss from 
the manikin were represented in terms of an Equivalent Homogeneous Temperature 
(EHT) (Wyon, 1989). EHT is defined as the temperature of a uniform space, in which 
all surface temperatures are equal to air temperature, there is no air movement other 
that the self-convection of the manikin, and the rate of heat loss would be the same as 
was actually measured. The neutral temperature was found to be 24.7 °C EHT for air-
conditioned buildings. The temperature bounds of comfort zone was determined for 
air-conditioned buildings – lower boundary of the comfort zone was about 22 °C and 
the upper boundary reached about 28 °C. These boundaries were broader than that 
stipulated by the standards (REHVA, 2002). 
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Tanabe and Kimura (1994b) examined the effects of air movements to the front of 
human subjects on thermal comfort in air-conditioned spaces. Thirty-two college-aged 
subjects with clo value of 0.6 were tested in an environmental test chamber. The 
operative temperature was 26.3 °C. It was found that under hot and humid conditions, 
only 10% of the subjects felt draught at a mean air velocity of 0.4 m/s while the whole 
body thermal sensation was close to neutral. This is much higher than the velocity of 
0.15 m/s predicted as in ISO 7730 (2005) derived from the findings in temperate 
climate content for the same level of draught discomfort. 
 
De Dear and Fountain (1994) performed a field investigation of indoor climates and 
occupant comfort in 12 air-conditioned office buildings in the tropical north of 
Australia. Mean air and radiant temperature were generally maintained within 23 °C 
to 24 °C interval for both summer and winter. The result showed that draught due to 
excessive air movement was much less of a problem than insufficient levels of air 
movement.  
 
Cheong et al. (2006b) studied Perceived Air Quality (PAQ) and Sick Building 
Syndrome (SBS) symptoms using tropically acclimatized subjects in a climate 
chamber served by DV system. They evaluated the influence of temperature gradient 
and room air temperature (at 0.6 m height) on PAQ and SBS symptoms. The results 
revealed that temperature gradient had insignificant impact on PAQ and SBS. Dry air 
sensation, irritations and air freshness decreased with the increase of room air 
temperature. It was recommended that in the tropics, vertical temperature gradient up 
to 5 °C/m was still acceptable. 
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2.4 Displacement Ventilation System Coupled with Other Systems 
It is recommended that a practical cooling load limit for DV system is about 30 – 40 
W/m2 (REHVA, 2002). It is for this reason that, in many applications for a higher 
cooling load, DV is used with a chilled ceiling. By using the ceiling as an additional 
source of convective and radiant cooling, the capacity of such systems may be 
increased to approximately 80 W/m2. Niu (1994) showed that the DV combined with 
cooled ceiling panels might provide a comfort environment at a cooling load up to 50 
W/m2. Similar findings were obtained from other research conducted by Rees and 
Haves (2001), Novoselac (2002), and Awbi (2003). 
 
A combined system of chilled ceiling, DV and desiccant dehumidification was studied 
by Hao et al. (2007). The feasibility of the combined system in China was 
investigated and the system performance was evaluated in terms of IAQ, thermal 
comfort and energy consumption. It was concluded that in comparison with a 
conventional all-air system, the combined system saved 8.2% of total primary energy 
consumption in addition to achieving better IAQ and thermal comfort. Chilled ceiling, 
DV and desiccant dehumidification responded consistently to cooling source demand 
and complemented each other on indoor comfort and air quality. It was feasible to 
combine the three technologies for space conditioning of office buildings in a hot and 
humid climate. 
 
Locally and individually controlled devices close to occupants were also tested in 
conjunction with DV systems to tackle the thermal comfort and/or IAQ problems. 
Personalized ventilation is one of the solutions which are intensively studied recently. 
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Melikov et al. (2003), Cermak et al. (2004, 2006) and Forejt et al. (2004) have 
investigated different air supply strategies for personalized ventilation. A mock-up of 
a typical office with two identical workplaces was studied. The air terminal devices 
tested were a round diffuser mounted on a movable arm duct, positioned above a 
computer monitor, and a narrow grill positioned at the front edge of a desk. The major 
difference between the terminals was the direction of personalized airflow – 
horizontal/downward in the case of the movable panel and upward in the case of the 
desk grill. In a room with DV, personalized ventilation could generally improve 
occupants’ thermal comfort, especially at high ambient room air temperature. It was 
also shown to improve the inhaled air quality in regard to a passive and plane 
contaminant located on the floor. The use of personalized ventilation was shown, 
however, to increase mixing of contaminants located in the vicinity of the 
personalized airflow, such as exhaled air and bioeffluents. The personalized flow 
generated large non-uniformities and differences in the distribution of human-
produced contaminants near the workplace. Further from the workplace the non-
uniformities disappeared. Personalized airflow may also affect the distribution of 
contaminants generated at another workplace. In that respect, the impact of upward 
personalized airflow (desk grill) was greater than the impact of horizontal/downward 
airflow (movable panel), most probably due to its higher velocity. 
 
Apart from the above-mentioned disadvantage of poor inhaled air quality caused by 
the mixing with contaminated air, the PV systems also requires additional ductwork 
which makes difficult for future retrofit work. To address this issue, Halvoňová and 
Melikov (2008, 2009a, 2009b, 2010) proposed a novel “ductless” PV in conjunction 
with DV, and its performance was compared with the conventional DV under realistic 
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conditions involving disturbances due to walking of 1 or 2 persons. The result showed 
that the “ductless” PV would be superior to DV alone as regards to perceived quality 
of inhaled air and thermal comfort. Different intake heights for the “ductless” PV 
were tested.  The novel PV system sucked the clean and cool displacement air 
supplied over the floor at four different heights, i.e. 2 cm, 5 cm, 10 cm and 20 cm and 
transported it direct to the breathing level. Moreover, two displacement airflow rates 
were used with a supply temperature adjusted in order to maintain an exhaust air 
temperature of 26 °C. Two pollution sources, namely air exhaled by one of the 
manikins and passive pollution on the table in front of the same manikin were 
simulated by constant dosing of tracer gases. The results showed that the positioning 
of a “ductless” PV intake height up to 0.2 m above the floor would not significantly 
influence the quality of inhaled air and thermal comfort. In addition, the walking of 
occupants in the room would also undermine the displacement effect for clean air 
transporting to the breathing zone, and thus the inhaled air quality would be also 
decreased.  
 
2.5 Identification of Knowledge Gap 
 As Singapore is trying to tap into the current wave of promoting the energy efficient 
technology, there is a growing trend of new office buildings exploring the possibility 
of adopting DV technology which is presently rare in the local industry. The literature 
review of the research performed shows that DV strategy can provide better air 
quality in a more energy-efficient way. However, there are still some factors limiting 




Most of the research on DV has focused on spaces with high ceilings level and 
relative high heat load. The temperature stratification is smaller in rooms with low 
ceiling height and low heat load, which means less convective cooling can be 
developed by DV system in small spaces than in large spaces. This affects occupants’ 
thermal comfort and inhaled air quality. Hence, this study aims to improve the 
performance of conventional DV in spaces with low cooling load and low ceiling 
height such as individual offices in Singapore without direct exposure to solar 
radiation, and to assess its application with tropically acclimatized occupants. 
 
In addition, the individual control over the local thermal environment close to 
occupants is essential to cater for different thermal preferences. However, the current 
state of the PV device requires additional ductwork to direct fresh air to the occupants 
and hence it increases the cost of the system and reduces the flexibility for future 
retrofit work. The concept of “ductless” individual and local control system was just 
recently introduced and research on this area is not substantially studied. Novel ways 











CHAPTER 3     METHOD FOR ENHANCEMENT OF DV 
PERFORMANCE AND RESEARCH OBJECTIVES 
 
3.1 Enhancement Principle of Conventional DV 
Conventional DV performs the best in spaces where a typical floor-to-ceiling height is 
4 m and above. However, the floor-to-ceiling height in a typical office in Singapore is 
only around 2.7 m. Hence, this research focuses on the enhancement of conventional 
DV performance in small spaces with relatively low ceiling height and low heat load 
distribution by providing additional air movement generated by four small fans 
mounted at each corner of a chair. These fans could be under individual control of 
each occupant.  
 
The fans transport cooler air from low height closer to the body of the seated person. 
The airflow generated by the fans is expected to strengthen the convection cooling 
around a user seated on the modified chair without causing draught as shown in 
Figure 3.1. Significant improvement of occupants’ thermal comfort is expected with 
the novel enhanced DV system, especially at high ambient room air temperature since 















Figure 3.1 Airflow around an occupant with and without fans 
 
3.2 Research Objectives and Hypotheses  
3.2.1 Detailed Research Objectives 
This study aims to investigate the effectiveness of the novel enhanced DV system and 
users’ acceptability. As such, the objectives of this study are as follows:  
 
1. To determine the cooling effect of the enhanced DV system and its impact on 
the airflow around a human body; 
 
2. To assess occupants’ thermal comfort with the enhanced DV system; 
  
3. To determine the implications of personal control of the enhanced DV system 
on draught risk and thermal sensation improvement; and 
 
4. To assess the impact of the novel enhanced DV system on the contaminant 
distribution around users and in a room. 
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3.2.2 Research Hypotheses 
In view of the literature review, the following hypotheses are developed to meet the 
above research objectives: 
 
1. The enhanced DV system increases the heat loss from occupants’ bodies and 
improve their thermal comfort at high room air temperature; 
 
2. The effective cooling of the body by the enhanced airflow enables the room 
air temperature to be higher and therefore achieve energy saving without 
affecting occupants’ comfort; 
 
3. The enhanced DV system’s capability of individual control over fan speed and 
direction of the discharged airflow is essential for occupants’ thermal comfort; 
and 
 
4.  The mixing of the clean air brought up from the floor level together with the 
surrounding polluted air by the fans is localised to the area around the 








CHAPTER 4     METHODOLOGY 
 
4.1 Enhanced Displacement Ventilation System 
As described in Chapter 3, cool air near the floor could be moved upwards via four 
fans mounted at each corner of a chair as shown in Figure 4.1. The attached fans used 
for this thesis were normal computer cooling fans, and the amount of airflow through 







Figure 4.1 Enhancement of conventional DV with four fans mounted at each corner of a chair 
 
4.2 Experimental Design 
Objective measurements and subjective assessments were employed in this research 
to investigate the thermal comfort and IAQ performance of DV with and without fans, 
to assess the acceptability of the enhanced DV system with different airflow rates and 
discharge angles by the tropical acclimatized subjects, and to study the contaminant 
transportation between the occupants and distribution within the room. Three different 
layouts were also studied to re-enact different office settings and their impacts on 
contaminant distribution in a room with the enhanced DV system were studied. 
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The approach of the research design is shown in Figure 4.2. The experiments were 
carried out both at the National University of Singapore (NUS) and the Technical 

















































































There were two sets of experiments in this study. The first set of experiments 
constituted the parametric study, where the focus was to determine the most suitable 
fan set-up and upon doing so, to study the micro-climatic environment around 
occupants. The aim was to study the fundamental principles of the novel enhanced 
DV system and its feasibility. In the second set of experiments, which constituted the 
final study, different set-ups of the chamber layout and fan arrangements were used to 
study the varying degrees of thermal comfort as well as contaminant transportation 
and distribution. This follow-up set of experiments aimed to study the applicability of 
the enhanced DV system in different scenarios.  
 
In the data collection stage, objective measurements of temperature, velocity, tracer 
gas distribution and heat loss exchange between the human body and surrounding 
environment were performed using accurate measuring instruments and breathing 
thermal manikins simulating occupants, and subjective data were collected by means 
of questionnaire survey. In data analysis stage, data from the objective measurements 
were analysed using different methods such as normalization and tabulation. Data 
from survey was analysed by statistical tools such as T-test and Analysis of Variance 
(ANOVA). 
 
4.3 Experimental Facilities 
4.3.1 Experimental Chambers 
4.3.1.1 Chamber at NUS 
In the parametric study and the subjective study of the final stage, full-scale 
experiments were conducted in the Indoor Air Quality Thermal Chamber (IAQ 
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Chamber), 6.6 m (L) × 3.7 m (W) × 2.7 m (H), at the School of Design and 
Environment, NUS. The thermal chamber was situated in a laboratory, with one 
longer wall having two large fixed glass windows, 1.5 m (W) × 1.2 m (H). The 
chamber was enclosed on three sides by an annular space, which minimized external 
environmental interferences and also served as the airlock for the participants before 
they entered the chamber. The fourth side of the chamber adjoined a control room, 
which was controlled at the same temperature as the chamber and served as a 
“conditioning” room for the subjects. The same total-volume mixing ventilation 
system also served the control room. The configuration of the IAQ Chamber is 












Figure 4.3 Configuration of the IAQ Chamber at NUS 
 
The air-conditioning system in the IAQ Chamber was capable of controlling the air 





Return grille Windows 
Return grille 
Experiment chamber Control room 
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using the computer controller to achieve the required room condition. Air was 
supplied from a floor-standing, low-velocity, semi-circular unit at two sides of the 
chamber. Two diagonally located ducted return grilles extracted air from the chamber 
during the course of the experiment. The DV supply unit and the return grilles are 
shown in Figure 4.4. The space temperature was controlled using a space thermostat 










Figure 4.4 Floor-standing, low-velocity, semi-circular supply unit (left) and  
return grille (right) in the IAQ Chamber at NUS 
 
4.3.1.2 Chamber at DTU 
The objective measurements of the final study were carried out at the Climate 
Chamber nr. 7, measuring 7.2 m (L) × 4.8 m (W) × 5.0 m (H) in the maximum size 
with a movable suspended ceiling which could adjust the floor-to-ceiling height, at 
the International Centre for Indoor Environment and Energy, DTU. Figure 4.5 shows 














Figure 4.5 Configuration of the Climate Chamber nr. 7 at DTU 
 
The climate chamber, situated in a laboratory, measuring 11.0 m (L) × 10.0 m (W) × 
8.0 m (H), had one side of glazed curtain wall up to a height of 2.4 m, and the 
remaining three sides made of insulated chipboard. The floor of the thermal chamber 
was made of 0.6 × 0.6 m2 chipboard tiles raised 0.7 m above a structural concrete slab. 
The surface of the floor was finished with a low-polluting material. The ceiling was 
made of 0.6 × 0.6 m2 gypsum tiles suspended 0.4 m from the ceiling steel 
construction. The ceiling was divided into three parts (2.4 × 4.8 m2 for each part) and 
could be adjusted to different heights separately or as a whole. However, a height of 
2.7 m was chosen, the same to the ceiling height of the chamber used during the 
subjective study performed in Singapore. The chamber was also customized with a 
floor-to-ceiling partition, which split the chamber into two sections. The larger section, 
sized 5.4 (L) × 4.8 (W) m2, was used in the experiments, while the other part was left 
unused. Neither the ceiling nor the floor was thermally insulated.  






The air-conditioning system in the Climate Chamber nr. 7 was capable of controlling 
the air temperature and airflow rates by adjusting the off-coil temperature and fan 
speed using the computer controller to achieve the required room conditions. A semi-
circular floor-standing air distribution unit (radius of planar projection 0.25 m and 
height of 1.0 m) placed in the middle of one of the long walls of the climate chamber 
was used for DV. The air from the office was extracted uniformly through a circular 
diffuser placed at the centre of the ceiling as shown in Figure 4.6. The room air 
temperature was controlled at 1.3 m above the floor. The temperature in the 










Figure 4.6 Floor-standing, low-velocity, semi-circular supply unit (left) and  
return grille (right) in the Climate Chamber nr. 7 at DTU 
 
4.3.2 Instrumentation 
4.3.2.1 Breathing Thermal Manikins 
There were a total of three breathing thermal manikins employed in this thesis to 
simulate subjects, one at NUS and two at DTU.  
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The details of the breathing thermal manikins are decrypted as follows: 
 
Breathing thermal manikin at NUS 
The manikin used at NUS for the parametric study was an average-sized female with 
1.68 m standing height as shown in Figure 4.7. The breathing mode of this manikin, 
however, was not in operation since the manikin only served as a heat source during 











Figure 4.7 Breathing thermal manikin at NUS 
 
The thermal manikin was divided into 26 thermal segments that could be 
independently controlled and measured. A detailed description of the manikin is 
stated in Appendix A.  
 
The thermal manikin was controlled by software that has four control modes, namely, 
measuring only surface temperature of the body segments, constant fixed surface 
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temperature, constant heat flux from each body segment and heat loss from manikin’s 
body following the well-known comfort equation (Fanger 1972). In the parametric 
study at NUS, the comfort mode was used during the measurements, while the 
breathing mode was switched off. The comfort equation, which controls the surface 
temperature and the heat output corresponding to a person in thermal comfort, is 
derived based on Fanger’s comfort criteria. 
 
36.4s tt C Q= − ×                                                                                                                          (4-1) 
 
Where: 
ts  - The skin surface temperature, [°C];  
Qt  - The rate of  heat loss, [W/m2];             
36.4 - the deep body temperature, [°C]; and 
C - A constant depending on clothing, posture, chamber characteristics, etc [m2 
· °C/W]. 
 
Based on this equation, the skin temperature of various segments adapts to the 
environmental conditions to maintain thermal neutrality. The manikin does so by 
compensating heat loss from the skin surface that will lead to a drop in the skin 
temperature with heat supplied to the heating elements at different segments. Hence, 
under steady conditions, the heat supplied to different segments is equivalent to the 
heat loss from the skin surface. Subsequently, the heat loss per unit skin surface can 
be derived from the surface area and electrical consumption of each segment. Each 
body segment has its own unique micro-controller system that calculates the 
temperature of the entire surface by measuring the resistance of the nickel wire. In 
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addition, it controls a power switch for heating and calculates the power consumption. 
The controllers at the various body segments are connected to a computer where 
measurements such as heat loss per unit skin surface and skin surface temperature are 
recorded approximately at every half a minute interval. In addition, the mean surface 
temperature and mean unit heat loss are also recorded. 
 
Breathing thermal manikins at DTU 
 
Two breathing thermal manikins were used to simulate the occupants for the objective 
measurements in the final study at DTU. The two manikins were almost identical in 
size and control functions with the manikin used at the NUS, except the number of 
body segments, one consisted of 23 segments and the second one consisted of 16 
body segments. Both manikins were average-sized female with 1.68 m standing 
height as shown in Figure 4.8. During the experiments, the two manikins were 
controlled by software under a comfort mode. Their body segments and the respective 










Figure 4.8 Breathing thermal manikins at DTU: manikin with 23 body segments (left) and 
manikin with 16 body segments (right) 
53 
 
The breathing thermal manikins used at DTU were equipped with artificial lungs 
(Melikov et al., 2000). The supply and exhaust of respiration air were connected 
through the top of the 16-segment manikin’s head, or at the waist of the 23-segment 
manikin. During the experiments in this thesis, the 23-segment manikin was breathing 
while the 16-segment one was not. The wigs of both manikins were removed during 
the experiments. The lung system of the 23-segment manikin which was placed 
outside the chamber was connected via flexible tubing to deliver and retrieve the 
respiration air in a closed circuit. The breathing cycle (inhalation, exhalation and 
pause) and the amount of respiration air as well as the temperature and humidity of 
the exhaled air could be controlled. 
 
 In this study, the lung was adjusted to simulate breathing of an average sedentary 
person performing light physical activities. The breathing cycle during the 
experiments consisted of 2.5 s inhalation, 2.5 s exhalation and 1 s pause. The 
breathing frequency was approximately 10 breathes per minute and the pulmonary 
ventilation was 6 L/min, or 0.6 L per breath. The instantaneous rate was higher, 
however, because both inhalation and exhalation took 2.5 s of the 6 s breathing cycle, 
hence: 0.6 L / 2.5 s = 0.24 L/s = 14.4 L/min. The pulmonary ventilation was 
monitored by means of a glass tube flow meter. The measurement accuracy was ±1.1 
L/min (corresponds to ±5% of full scale). 
 
The exhaled air was not humidified in this study, but was heated to a density close to 
1.144 kg/m3 which was believed to be similar to the exhaled air from a human subject 
based on the assumption on the exhaled air properties. Höpp (1981) assumed that the 
exhaled air consisted of 78.1 vol.% N2O, 17.3 vol.% O2, 3.6 vol.% CO2 and 0.9 vol.% 
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of Ar, provided the exhaled air temperature was approximately 34 °C when the room 
air temperature was between 20 °C and 26 °C, and the relative humidity was close to 








Figure 4.9 Control box of the lung system 
 
4.3.2.2 Tracer-gas Analyzer 
The concentration of the tracer-gases which were used to simulate pollutants in this 
study, were measured continuously with a multi-gas monitor (Brüel & Kjær, Type 
1302) based on the photo-acoustic infrared principle. The analyzer was calibrated for 
the gases in a certified laboratory prior to the experiments.  
 
A multipoint sampler unit (Brüel & Kjær, Type 1303) was employed to sample the air 
from up to six locations and deliver it to the analyzer. After the air was analyzed, it 
was then exhausted directly outside the laboratory via tubes in order to prevent 
contamination. Both the analyzer and the sampler were controlled with a personal 











Figure 4.10 Tracer gas analyzer 
 
4.3.2.3 Temperature, Relative Humidity, and Turbulence Intensity Measurement 
Devices 
Relative humidity was not controlled but was monitored during the parametric 
experiments. Figure 4.11 shows the HOBO® H08 loggers that were employed to 
measure the air temperature and relative humidity in the IAQ Chamber. They were 
cross-checked against Vaisala® HM 34 humidity and temperature meter before the 
experiments. The accuracy of HOBO® meters for the air temperature is ±2%, and ±5% 
for the relative humidity. The measuring data was collected by the software BoxCar® 








Figure 4.11 HOBO® H08 data logger (left) and 
Vaisala® HM 34 Humidity and Temperature Meter (right) 
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Type T thermocouples were employed to measure the room air temperatures at DTU 
instead of HOBO® meters. The data were collected by a multi-meter/switch data 







Figure 4.12 Thermocouple data logger 
 
Figure 4.13 shows the omni-directional thermo anemometer system HT-400 (Sensor 
Electronics, Poland) that was used to measure the air temperature, velocity and 
turbulence intensity around the breathing thermal manikin. The data were logged and 
stored in the computer connected to the anemometers via cables. They were cross-
checked against Vaisala® HM 34 humidity and temperature meter before the 
experiments as well. The accuracy for the temperature of omni-directional thermo 
anemometers is within ±1%. The characteristics of the anemometer complied with the 
requirements in the present standards (ASHRAE Standard 113, 2009; ISO Standard 







Figure 4.13 Omni-directional thermo anemometer system HT-400 (left) 
and the control interface (right) 
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4.3.2.4 Air Volume at the Outlet of Fans 
Figure 4.14 shows a rate anemometer that was used to measure the airflow rate at the 







Figure 4.14 Air velocity and volume flow meter 
 
As a summary, Table 4.1 shows the overview of the instruments required to measure 
the parameters for data analysis in this study. It also indicates the degree of accuracy 
of each instrument of the data collected. 
 
Table 4.1 Instrumentations 
Parameter Instrument Accuracy 
Air temperature 
Type T thermocouple wire and 
multi-meter/switch data logger ±0.2°C 
Omni-directional thermo 
anemometer system HT-400 ±0.2%/°C 
HOBO® data logger H08 ±2%/°C 
Room air relative 
humidity HOBO
® data logger H08 ±5% RH 




anemometer system HT-400 
± 0.02 m/s 
± 1% of readings 
Tracer gas 
concentration 
Brüel & Kjær, Type 1302 







Subjective assessments on human’s response to the room conditions with the 
enhanced DV system were collected by questionnaires.  
 
During the experiments, subjects were required to complete a questionnaire on 
anthropometric data, thermal sensation and comfort for the whole body and for 
various body segments, air movement perception and acceptability, IAQ perceptions 
as well as the types of clothing worn at that time. The subjects’ individual controls 
over the enhanced DV system according to their thermal sensation were also collected 
in the questionnaire. 
 
The questionnaires that were adopted for experiments in the parametric and final 
study and for the experiments with and without fans slightly differed from each other 
due to the different experiment conditions and the research goals. The detailed 
contents of the questionnaires can be found in Appendices B and C.  
 
4.4.1 Thermal Sensation and Thermal Comfort 
ASHRAE 7-point thermal sensation scale was used to report on the subjects’ thermal 
sensation for the whole body and for different body segments. The ASHRAE scale is 
based on a measure of how warm or cool occupants feel, which only measures the 
temperature that occupants perceived. However, thermal comfort is defined as a 
condition of mind which expresses satisfaction with the thermal environment 
(ASHRAE Standard 55, 2004; ISO Standard 7730, 2005). It is not necessarily 
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dependent on only thermal sensations. Perceptions of thermal comfort are also 
associated with expectation, adaptation to conditions and other factors (Zhang, 2003). 
As such, thermal sensation is not equivalent to thermal comfort. Bedford’s 7-point 
scale (1936) was hence used to assess the thermal comfort level of the subjects 
 
The ASHRAE’s 7-point scale is illustrated in Table 4.2.  
 
Table 4.2 ASHRAE’s 7-point scale 
Cold Cool Slightly cool Neutral 
Slightly 
warm Warm Hot 
-3 -2 -1 0 +1 +2 +3 
 
The characteristic of Bedford’s scale is the combination of warmth and comfort by 
asking occupants to decide whether they are comfortable at a particular thermal 
sensation. It is illustrated in Table 4.3. 
 












Warm Too Hot 
Much 
Too Hot 
-3 -2 -1 0 +1 +2 +3 
 
To reduce ambiguity in language, a sketch of human body segments, as shown in 
Figure 4.15, was used for the assessment of thermal sensation and comfort for the 
overall and individual body segments. Subjects were asked to assess the seven 
categories defined for whole-body thermal sensation and comfort, to select the 
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category that best describes the thermal sensation and comfort of a particular body 
segment, and to write its number in the corresponding box before proceeding to the 
next body segment. One additional response box was not linked to any body segment 
and was labelled “whole-body”. Subjects indicated their whole-body state of thermal 
sensation and comfort by writing the appropriate number in this box as well.  
 
Figure 4.15 A sketch of human body segments used for assessment 
 
Lastly, the acceptability of the overall thermal environment was asked. A divided 
linear Visual-Analog (VA) scale of acceptability developed at DTU as shown in 
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Figure 4.16 was used. The scale showed specifically the just unacceptable/just 
acceptable position at the split junction (coded as 0), with the two extreme ends 
labelled “Clearly unacceptable” and “Clearly acceptable” (coded as -1/+1 
respectively). This scale aided the subjects in making a definite choice, allowing them 




Figure 4.16 The divided continuous visual-analog scale 
 
4.4.2 Air Movement Perception 
A “Yes”/”No” category scale was used to report on the air movement perception. 
Subjects who replied “Yes” to this question whether they felt air movement were 
required to answer three further questions: the body segments where they felt air 
movement, the acceptability level of air movement, and the preference for the change 
of air movement (more air movement/no change/less air movement). The 
acceptability level of air movement was assessed by a divided linear VA scale as well. 
 
4.4.3 Local Physiological Discomfort 
For the local physiological discomfort, undivided linear VA scales as shown in Figure 
4.17 were used. Subjects were required to fill in their responses on dry nose, dry lips, 
Clearly unacceptable Just unacceptable 
Clearly acceptable Just acceptable 
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dry eyes etc. Subjects could indicate their preference as long as it was within the 
range from -1 (clearly unacceptable) to +1 (very acceptable).  
 
        |_______________________________________________| 
 
Figure 4.17 The undivided continuous visual-analog scale 
 
4.4.4 Indoor Air Quality Perception 
Inhaled air quality and irritations were also included in the questionnaires to allow a 
more in depth investigations on the effect of the enhanced DV system on IAQ issues. 
The feedback on the inhaled air quality was assessed by a divided linear VA scale, 
and the irritations in nose, throat and eyes were obtained with the undivided 




Figure 4.18 The undivided continuous scale for odour intensity and irritations 
 
4.5 Subjects 
Human subject experiments were performed during the two phases of this study. The 
subjects were required to engage in sedentary office work throughout the period in the 
IAQ Chamber.  
 
No Slightly Moderate Strong Very Strong 
Clearly unacceptable Clearly acceptable 
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The subjects were recruited based on the following criteria: having been exposed to 
local tropical climate for more than six months; familiarity with a PC; impartiality to 
the chamber in which the study was carried out; and absence of chronic diseases, 
asthmas, allergy and hey-fever, etc.  
 
Subjects were instructed to have normal meals before arrival at the thermal chamber. 
No intakes of alcohol were allowed 24 hours prior to each experiment. During the 
experiments, subjects were asked to be dressed in typical office attire to simulate an 
office environment as shown in Figure 4.19. They were allowed to put on additional 
clothing during the experiment to maintain thermal neutrality. Subjects were restricted 
to only deskbound activities. During the experiments, they were not allowed to eat 
anything. They could drink only water. Subjects were randomly exposed to different 
test conditions on different days and were kept blind to the test conditions to avoid 









                             
Figure 4.19 Types of office attire wore by female (left) and male (right) subjects  
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4.6 Method of Data Analysis 
Only data for the votes of each experiment after the acclimatization period were used 
for analysis since it was believed that subjects had acclimatized after they were 
exposed to the environment for about 30 – 60 minutes. 
 
Microsoft Excel’s Analysis ToolPak and statistical software SPSS (Version 11) were 
used to analyze the results obtained from the questionnaires. A test was performed to 
examine whether the data were normally distributed. This was used to indicate 
whether parametric or non-parametric tests would be appropriate for statistical 
analysis of the data. For the normally distributed samples, parametric tests such as 
Paired T-test or ANOVA were used to determine whether there were any significant 
differences, while those were not normally distributed samples were compared using 
non-parametric tests, such as Wilcoxon Signed Rank Test or Friedman Test (for more 
than two repeat measures). A criterion of p≤0.05 was applied in all situations to 
ascertain statistical significance. Descriptive statistic such as mean and percentages 
were applied for evaluating the subjective responses. Relationships were explored, 
using regression or probit analysis among overall and local thermal sensations as well 
as local thermal discomfort and other parameters. Human responses were compared 







CHAPTER 5      THE PARAMETRIC STUDY 
 
5.1 Introduction 
As stated in the literature review, when a conventional DV system is applied in a 
small premise, it normally fails to generate strong convection cooling effect brought 
upward by the cool clean air from the floor level, and eventually undermines 
occupants’ thermal comfort. The newly-developed enhanced DV system is meant to 
address this problem. Therefore, a parametric study was carried out to identify the 
effect of this novel system on the temperature stratification and to examine whether 
the cool air from the floor level could be propelled upward with four fans mounted to 
a chair and how it could affect human thermal comfort. 
 
The parametric study involved assessments of the enhanced DV system with two 
different sizes of fans, namely large and small ones. Local air temperature, velocity 
and turbulence distributions around a human body were studied. It provided insights 
on the parameters measured, and the impacts of the adoption of large and small fans 
in the enhanced DV system. An appropriate type of fans for the novel enhanced DV 
system was selected according to the measured results, in order to optimise the 
performance of the conventional DV system, while maintaining or improving the 
occupants’ thermal comfort level. The newly developed system with the selected type 
of fans was used in the subsequent subjective study. 
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The subjective assessment focused on subjects’ thermal sensation, thermal comfort 
and local discomfort due to draught. Furthermore, with the ability to adjust the fan 
speed during the experiments, personal control of occupants was investigated to find 
out whether the novel system could satisfy the majority of the occupants. 
 
5.2 Experimental Method 
5.2.1 Experimental Design 
5.2.1.1 Objective Measurements 
Two different types of computer cooling fans were used in the objective 
measurements, namely the 80 × 80 × 25.4 mm3 fan (large size) and the 70 × 70 × 28.5 
mm3 fan (small size). Two sets of each fan type were employed. Each set consisted of 
four fans (of the same type). The four fans were mounted to a normal office chair 
during the experiments, and the dimensions of the chair and the attachment of the fans 





                                                                    
                                                                                                 
Figure 5.1 Technical specifications of the fans 
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The details of the computer cooling fans are also tabulated in Table 5.1. 
 
Table 5.1 Dimensions of the fans 
 
Full-scale experiments were conducted in the IAQ Chamber at the School of Design 
and Environment, NUS, which typically characterizes the office situation in 
Singapore. The air-conditioning and mechanical ventilation system in the chamber 
has been already discussed in Chapter 4.  
 
The room was illuminated by six sets of twin double-batten fluorescent lights, with a 
power consumption of each fluorescent lamp of 36 W. A workstation consisting of a 
table, a chair, a personal computer and a thermal manikin was arranged in the middle 
of the room served by the DV system. The 26-segment female thermal manikin was 
dressed in clothing with thermal insulation of about 0.60 clo (including chair). The 
thermal manikins’ surface temperature was maintained to be close to the skin 
temperature of an average person in the state of thermal comfort. The cooling loads 
for the experiments carried out in this study are tabulated in Table 5.2.  
 





cooling fan  
(Small) 
 
Dimension [mm3] 80 × 80 ×  25.4 70 ×  70 ×  28.5 
Max voltage [V] 12.0 12.0 
Current [A] 0.13 0.18 
CFM 30 25 
Noise [dbA] 27 25 
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Table 5.2 Cooling loads in the IAQ Chamber (objective measurements) 









* approximate rate of sensible heat 
 
Figure 5.2 shows the measuring locations, L1, L2, L3 and L4, where ambient room air 
temperature and RH were measured. On the other hand, locations La, Lb, Lc and Ld, 















Figure 5.2 Measuring locations (objective study)  
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A detailed description of each measuring location is stated as follows:  
• Supply (Ts) and return (Te) air temperatures were measured by thermocouple 
wires placed inside the supply diffuser and return grilles respectively; 
• Room air temperature (Tr) and RH measuring locations were measured at 
locations L1, L2, L3 and L4 with HOBO® meters. The HOBO® meters were 
placed at six heights: 0.1 m, 0.3 m, 0.6 m, 1.3 m, 1.7 m and 2.5 m; 
• Air temperature (T), mean velocity (V), and turbulence intensity level (Tu) in 
the region around the breathing thermal manikin (locations La, Lb, Lc and Ld) 
were measured with multichannel low velocity anemometer HT-400 with 
omni-directional velocity sensors. The omni-directional probes were 
positioned at four heights, namely 0.1 m, 0.6 m, 1.1 m and 1.7 m. The HT-400 
sensor at 0.6 m height was close to the waist region of the thermal manikin 
and the sensor at 1.1 m height was right above the shoulder. The measuring 
tips of both sensors were positioned very close to the thermal manikin’s body 
to measure the parameters within the convection flow layer. The HT-400 
sensor was located centrally above the thermal manikin’s head, ensuring that 
the measured parameters were also within the convection airflow; and 
• Ceiling surface temperature (Tc) and floor surface temperature (Tf) were 
measured by thermocouple wires.  
 
Objective data were measured and logged simultaneously during each experiment. 




• Ten minutes prior to the experiments, the airflow rate at the outlet of the each 
individual fan was measured; 
• In the first hour, all the instruments were measuring and logging at their 
original places to ensure that the condition in the chamber has reached 
equilibrium state;  
• In the next two hours, the omni-directional thermo anemometer system HT-
400 was moved from La, Lb, Lc to Ld at an interval of 30 minutes; and 
• Ten minutes after the experiments, the airflow rate at the outlet of the each 
individual fan was measured. 
 
 The logging intervals of various parameters are stated as follows: 
• Air temperature collected by HOBO ® meters: 5 minutes; 
• Relative humidity: 5 minutes; and 
• Air temperature, mean velocity and turbulence intensity collected by Omni-
directional thermo anemometer system HT-400: 3 minutes. 
 
The duration of each experiment was 3 hours. 
 
5.2.1.2 Subjective Assessments 
Thirty-two (16 male and 16 female) university students were employed to participate 
in these experiments. The subjects were engaged in sedentary office work throughout 
the period in the IAQ Chamber. Two subjects were exposed at the same time to the 
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conditions in the test room. The anthropometrics data of the subjects are shown in 
Table 5.3.  
 
  
Table 5.3 Anthropometrics data of subjects 
 
Subject No. of subjects 









Female 16 21.6 50.1 161.4 
Male 16 22.9 66.3 173.9 
Overall 32 22.3 58.2 167.7 
 
Two workstations (a table, a chair, and a personal computer) were arranged in the test 
room. The cooling loads of the chamber are shown in Table 5.4.  
 
Table 5.4 Cooling loads in the IAQ Chamber (subjective assessments) 
Lighting Computers Occupants Total 
432 W 
(17.7 W/m²) 
2 × 75 W 
(6 W/m²) 




* approximate rate of sensible heat 
 
Room air temperature and RH as well as air temperature and velocity close to the 
subjects were measured. Figure 5.3 shows the measuring locations, L I, L II, and L III, 
where room air temperature and RH were measured with HOBO® data loggers at six 
heights, namely 0.1 m, 0.3 m, 0.6 m, 1.3 m, 1.7 m and 2.5 m. Mean velocity, air 
temperature, and turbulence intensity measurements at the workstations were 
performed with multichannel low velocity thermal anemometer with omni-directional 
velocity sensors (HT-400) at the location L A. These measurements were performed at 











   
Figure 5.3 Measuring locations (subjective study) 
 
Objective measurements were logged simultaneously during each experiment. The 
logging intervals of various parameters are stated as follows: 
• Air temperature collected by HOBO®  meters: 5 minutes; 
• Relative humidity: 5 minutes; and 
• Air temperature, mean velocity, turbulence intensity measurements: 10 
seconds. 
 
The measuring intervals for the omni-directional thermo anemometer system HT-400 
were reduced from 3 minutes in the objective study to 10 seconds in the subjective 
study, so that the adjustment of the fans in the enhanced DV system by the subjects 




The questionnaires discussed in Chapter 4 were used to collect subjects’ response to 
the environment generated by the novel method of air distribution. The subjects with 
typical office attire were seated as shown in Figure 5.4 to simulate office work 
environment. They were assigned into groups such that everyone attended the same 
number of experiments of different conditions. In each group, there was one male and 
one female subject in the IAQ Chamber each time. Their seating location in the 
chamber was not pre-determined as subjects were free to choose their seats. They 
were asked to bring along a jacket to allow for individual control of their clothing in 
order to ensure thermal comfort.  
 
 
Figure 5.4 Subjects performing work on PCs during the experiments in IAQ Chamber 
 
The duration of each experiment was 1.5 hours when the fans were employed, and 
one hour when no fans were employed. The subjects were blind to the chamber 
thermal conditions so as to ensure unbiased results. The experimental procedure was: 
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• Subjects arrived 15 minutes prior to the commencement of the experiment. 
They were seated in a control room outside the climate chamber where the 
temperature was the same as in the climate chamber, and were briefed about 
the experimental procedure. As they began to acclimatize to the environment, 
they answered questions about their personal particulars, thermal sensation for 
the whole body and thermal comfort acceptability; 
• After the acclimatization period (15 minutes), the subjects entered the 
chamber and sat at the workplaces. They were asked to report on the thermal 
sensation of the whole body and thermal comfort acceptability; 
• Every 30 minutes thereafter, subjects completed a questionnaire on their 
thermal sensation for the whole body as well as different parts of the body, 
thermal comfort acceptability and air movement detection and acceptability. In 
the experiments with the fans the subjects were encouraged to control the fan 
speed during the whole experiment in order to achieve thermally comfortable 
conditions. They were also encouraged to modify their clothing. Every 5 
minutes a checklist was provided to allow subjects to indicate their attires and 
desired fan speeds that they were most comfortable with. In cases where fans 
were not employed, the checklist was not used;  
• At the end of the experiment, the subjects completed the last questionnaire 
inquiring about their thermal sensation for the whole body and different parts 
of the body, thermal comfort acceptability, air movement detection and 




5.2.2 Experimental Conditions 
5.2.2.1 Objective Measurements  
A total of 12 experimental conditions were studied with the enhanced DV system 
during the objective measurements. These conditions were studied with each of the 
two types of fans, namely large and small fans. In the 1st set of the experiments, as 
shown in Table 5.5, the large fans were adopted. The 12 experimental conditions were 
categorized into three groups of four cases according to three different supply air 
temperatures, 20 °C, 22 °C and 24 °C (temperatures were subjected to an accuracy of 
±0.5 °C). The supply air volume from the DV was kept constant at 30 L/s. The four 
cases in each group were defined based on the fan operation mode: fan OFF mode (0 
V), LOW speed mode (4 V), MEDIUM speed mode (8 V) or HIGH speed mode (12 
V). A power supply regulator was used to control the fan speed.  
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Likewise, as shown in Table 5.6, in the 2nd set of the experiments the small fans were 
employed. The conditions were the same as in the experiments with the large fans.  
 



























5.2.2.2 Subjective Assessments 
All subjects participated in the experiments were exposed to three different room air 
temperatures of 22 °C, 24 °C and 26 °C. The room air temperature was measured at 
1.3 m above the floor during the experiments to compare with the previous objective 
study, so that the experiment conditions could be kept similar and comparable. During 
these experiments, the supply airflow rate was kept constant at 30 L/s per person. 
However the supply air temperature was set at 20 °C, 22 °C and 24 °C with a 





At each room air temperature, the subjects participated in two experiments: (i) with 
fans and (ii) without fans. Only one type of fans was used in the subjective study and 
they would be selected based on the objective measurement results. In the 
experiments with fans, the subjects were allowed to have personal controls over the 
fan speed: OFF mode (0 V), LOW speed mode (4 V), MEDIUM speed mode (8 V) or 
HIGH speed mode (12 V). A power supply regulator was used to control the fan 
speed. Conversely, in cases with no fans, all the fans were switched off.  
 
The details of the experiment conditions are listed in Table 5.7. 
 
Table 5.7 Experimental conditions for subjective assessments  






1 OFF - 
20 ± 0.5 
2 ON 0, 4, 8 or 12 
3 OFF - 
22 ± 0.5 
4 ON 0, 4, 8 or 12 
5 OFF - 24 ± 0.5 
6 ON 0, 4, 8 or 12 
 
5.3 Objective Measurement Results 
Nominal and actual values of experimental conditions for all cases during the primary 
objective measurements are shown in Table 5.8. A detailed record of the experimental 






Table 5.8 Experimental conditions for the parametric objective study 
 

































20 30 20.42 0.10 22.42 0.10 21.87 0.17 68.13 0.81 30.3 
22 30 22.02 0.22 24.35 0.13 23.70 0.16 68.40 0.47 30.8 
24 30 24.03 0.30 26.23 0.17 25.30 0.18 68.80 1.04 30.5 
Small 
fans 
20 30 20.40 0.08 22.23 0.10 21.58 0.10 69.38 0.68 30.8 
22 30 22.03 0.22 24.30 0.14 23.68 0.10 68.85 0.62 29.8 
24 30 23.85 0.21 26.18 0.13 25.60 0.08 68.50 0.61 29.8 
 
 
Nominal and actual values of the velocities at the outlets of the fans are tabulated in 
Table 5.9. The velocities were measured twice for each experiment, namely at the 
beginning and the end of each experiment. For each measurement, the data was 
recorded only when the readings of the air velocity had reached steady state. 
 
Table 5.9 Experimental conditions for the airflow through fans 
 
Nominal 








[L/s]  Mean S.D. 
Large 
fans 
4 0.48 ±0.04 3.1 
8 1.22 ±0.13 7.7 
12 1.87 ±0.15 11.9 
Small 
fans 
4 0.44 ±0.03 2.2 
8 1.21 ±0.06 5.9 

















21 21.5 22 22.5 23 23.5 24
ST-20,w/o L-fans,ambient
ST-20,w/o L-fans,ard manikin
5.3.1 Vertical Room Air Temperature Distribution 
5.3.1.1 Temperature Distribution with Large Fans 
Reference Case  
Figure 5.5 shows the temperature profiles of the reference case when the supply air 
temperature was 20 °C and the large fans were switched off with the air temperature 
measurement taken near the manikin (average of the readings at locations La – Ld, 
Figure 5.2) and the ambient air temperatures measured away from the workstation 












Figure 5.5 Vertical temperature profiles of reference case without the large fans (L-fans) 
measured around the manikin (ard manikin) and away from the simulated workstation 
(ambient). Supply air temperature: 20 °C (ST-20)  
 
The vertical temperature profile of the reference case shows a mild temperature 
gradient in the ambient area of the chamber (0.44 °C/m). The convection airflow 























around the manikin (0.94 °C/m) as compared to the ambient vertical temperature 
gradient. This might be because the measuring location was closed to the manikin and 
it measured within the boundary layer. However, the temperature gradient 0.94 °C/m 
was still considerably low as compared to the guidelines suggested by REHVA (2 – 
3 °C/m). This phenomenon was due to the weakness of the heat source. The cooling 
load per floor area in the chamber was only 24 W/m2.   
 
Different Fan Speed at Constant Supply Air Temperature 
Figures 5.6, 5.7 and 5.8 show the vertical temperature profiles when the air was 











Figure 5.6 Vertical temperature profiles with the large fans (L-fans) measured around the 
manikin (ard manikin) and away from the simulated workstation (ambient). Supply air 

















































Figure 5.7 Vertical temperature profiles with the large fans (L-fans) measured around the 
manikin (ard manikin) and away from the simulated workstation (ambient). Supply air 














Figure 5.8 Vertical temperature profiles with the large fans (L-fans) measured around the 
manikin (ard manikin) and away from the simulated workstation (ambient). Supply air 


















The results in the figures showed that the use of the fans enhanced the convection 
airflow around the thermal manikin, hence increased the vertical temperature gradient 
around it. In all three supply air temperatures, the vertical temperature gradient 
profiles became steeper between the vertical region of 0.6 m and 1.7 m.  
 
It can also be seen that the air temperature at 0.6 m high near the manikin became 
similar to the ambient air temperature when the fans were switched on. This 
phenomenon was due to the suction of the immediate surrounding cool air towards the 
manikin uniformly from all sides and blow upward as illustrated in Figure 5.9. The 
fans assisted the buoyancy flow with a forced convection flow. This meant that the 
convection cooling around an occupant could be enhanced with the assistance of the 
fans, thus human subject experiments are appropriate to determine the acceptability of 
the thermal sensation. It was also observed that the impact of different fan speeds was 
relatively insignificant. In Figures 5.6 – 5.8, the differences among the temperature 
profiles with different fan speeds could be neglected.  
 
Figure 5.9 Airflow around the fans 
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A dimensionless parameter is used to assess the effectiveness of the DV system, 









                                                                                                         (5-1) 
 
Where: 
 tempε - Temperature Effectiveness; 
 T - Room air temperature, [°C]; 
sT - Supply air temperature, [°C]; and 
eT - Return air temperature, [°C]. 
 
The temperature effectiveness at the height of 0.6 m above the floor level at a region 
close to the manikin’s waist was calculated. The results are tabulated in Table 5.10. 
 
Table 5.10 Experiment results for tempε  at 0.6 m above the floor with large fans close to 
manikin’s waist 
Room air temp. 
[°C] 
Temperature Effectiveness, tempε  
Without fans Fans @ 4 V Fans @ 8 V Fans @ 12 V 
22 4.2% 45.8% 37.5% 39.6% 
24 16.7% 41.7% 47.9% 45.8% 
26 9.1% 40.9% 41.3% 31.8% 
 
Higher values of tempε  meant the DV system is more effective. Hence, from Table 
5.10, it was observed that the performance of the DV system was significantly 
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improved with the adoption of the fans, from the tempε  between 4.2% and 16.7% 
increased to between 31.8% and 45.8%. However, due to the uncertainty of the 
measurements, the tendency of the tempε  among the different fan speeds was not clear. 
And the various fan speeds were not substantially different from each other, which 
also made it difficult to observe the trend. 
 
Different Supply Air Temperatures at Constant Fan Speed  
Figure 5.10 shows the temperature gradients measured near the thermal manikin for 
different supply air temperatures while the fans were adjusted to 4 V LOW mode with 
an airflow rate approximately at 3 L/s. The vertical temperature gradients had the 
same profiles for different supply air temperatures, 20 °C, 22 °C and 24 °C 
respectively. The vertical temperature profiles were very stable and not influenced by 
the supply air temperature. The temperature profiles only shifted horizontally as the 









Figure 5.10 Vertical temperature profiles for different air supply temperatures 



























5.3.1.2 Temperature Distribution with Small Fans 
Reference Case  
Figure 5.11 shows the vertical temperature profiles of the reference case when the 
supply air temperature was 20 °C and the small fans were off. The air temperature 
was measured near the manikin (average of the readings from locations La – Ld, 
Figure 5.2) and the ambient air temperatures measured away from the workstation 











Figure 5.11 Vertical temperature profiles of reference case without the small fans (S-fans) 
measured around the manikin (ard manikin) and away from the simulated workstation 
(ambient). Supply air temperature: 20 °C (ST-20) 
 
 
The comparison with the results obtained with the small fans shows that the vertical 
temperature gradients were similar to those obtained with the large fans (Figure 5.5). 




















insignificant temperature gradient of 0.65 °C/m, which was considerably low as 
compared to the guidelines recommended by REHVA (2002) (2 – 3 °C/m).  
 
Different Fan Speeds at Constant Supply Air Temperature 
Figures 5.12, 5.13 and 5.14 show the temperature gradient profiles with the increase 













Figure 5.12 Vertical temperature profiles with the small fans (S-fans) measured around the 
manikin (ard manikin) and away from the simulated workstation (ambient). Supply air 







































Figure 5.13 Vertical temperature profiles with the small fans (S-fans) measured around the 
manikin (ard manikin) and away from the simulated workstation (ambient). Supply air 












Figure 5.14 Vertical temperature profiles with the small fans (S-fans) measured around the 
manikin (ard manikin) and away from the simulated workstation (ambient). Supply air 












































With the use of the small fans, the convection airflow around the manikin was also 
enhanced, and the vertical temperature profiles became steeper between 0.6 m and 1.7 
m height as well. However, the increase of the temperature gradient which was caused 
by the small fans was less than the increase by the large fans. The temperature at 0.6 
m height was reduced, but not as much as with the large fan cases. The air volume 
through the small fans were lower than the flow rate supplied by the large fans and 
therefore less cool air from the lower room level was transported to the occupants and 
the penetration of the free convection layer around the thermal manikin was less. Thus, 
the small fans were less effective in delivering cooler air from surroundings to 
occupants as compared to large fans. 
 
The temperature effectiveness, tempε , for small fans was determined at the height of 
0.6 m above the floor level near the thermal manikin. The results are listed in Table 
5.11. 
 
Table 5.11 Experiment results for tempε  at 0.6 m above the floor with small fans close to 
manikin’s waist 
Room air temp. 
[°C] 
Temperature Effectiveness, tempε  
Without fans Fans @ 4 V Fans @ 8 V Fans @ 12 V 
22 12.5% 32.1% 36.7% 25.0% 
24 8.3% 37.5% 38.8% 39.2% 
26 13.6% 31.8% 30.5% 30.0% 
 
From Table 5.9, it was observed that the performance of the DV system was also 
improved by the adoption of the small fans. However, the tempε  values were smaller 
than the ones with the large fans under the same experimental conditions. This meant 
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that the small fans were less effective in enhancing the free convection cooling around 
an occupant in a room served by DV system. 
 
Different Supply Air Temperatures at Constant Fan Speed 
Figure 5.15 compares the vertical temperature profiles obtained with the small fans 






Figure 5.15 Vertical temperature profiles for different air supply temperatures 
 when small fans operated at 4V 
 
The vertical temperature distribution has similar profiles for different supply air 
temperatures. As for the results obtained with the large fans the temperature profiles 
obtained with the small fans also shifted along the x-axis as the supply air temperature 
changed. 


























The results of these experiments show that the novel enhanced DV system can 
improve the vertical temperature stratification in rooms with low heat load. The large 
fans were more effective in bringing the cool air upwards as compared to the small 
fans, i.e. more effective in enhancing the convection cooling effect around an 
occupant in a room served by DV system. Besides, the large fans might be able to 
cool larger surface area of the body. 
 
The results also identify that at the same fan speed, the temperature profile stayed 
very stable and only shifted horizontally as the supply temperature changed. The 
applied three fan speeds did not have any significant effect on the vertical temperature 
distribution. This would be due to the limited capacity of the fans selected in this 
study.  
 
5.3.2 Air Velocity Distribution 
Figures 5.16 and 5.17 show the velocity profiles around the thermal manikin when the 
large and small fans were employed respectively. The velocity around the occupant’s 


















                    
Figure 5.16 Measured velocity profiles around the manikin with the large fans. Supply air 












Figure 5.17 Measured velocity profiles around the manikin with the small fans. Supply air 

















































The velocity was measured at heights of 0.1 m, 0.6 m, 1.1 m and 1.7 m at each of the 
four locations La, Lb, Lc and Ld as defined in Figure 5.2. The reported velocities were 
the average values taken at the four locations at each height. The results in Figures 
5.16 and 5.17 show that the thermal manikin was prone to much higher air velocities 
at a height of 0.6 m where the fans were mounted than at the other heights. The 
velocity increased as the fan speed increased. When comparing the results obtained 
with the large fans (Figure 5.16) with the results obtained with the small fans (Figure 
5.17), it was observed that the large fans generated higher velocity at 0.6 m and 1.1 m 
when operating at 8 V and 12 V. 
 
Due to the limitation of the power capacity of both types of fans, it can be seen that 
the fans were able to enhance the convection airflow up to 1.7 m (mainly the large 
fans when operated at 8 V and 12 V), i.e. above the head of a seated person. It showed 
that the large size fans could propel the air further up than the small size fans within 
the region below 1.7 m height. The graphs show relatively small differences between 
the velocities measured at 1.7 m before and after the use of fans. 
 
The high velocities measured at 0.6 m and 1.1 m showed that the occupant might be 
very much prone to air movements when the fans were running. The velocity 
increased as the fan speed increased at the height of 0.6 m. 
 
In office environment, occupants’ body parts exposed to the high velocity (0.6 m – 
1.1 m) is typically covered by clothing which will damp the generated high velocity. 
Thus, despite of the increase of velocity at this region, people may not experience 
draught discomfort. On the contrary, a slightly more air movement around the area 
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below 1.7 m might help occupants to achieve better thermal comfort. This is to be 
verified in the human subject experiments discussed in the following section. 
 
The comparison of the results (Figures 5.16 and 5.17) identified that the difference in 
the velocity generated by the large and the small fans was relatively small, 
approx.0.12 m/s. The human perception of air movement might not be so sensitive to 
distinguish the small difference. Thus, a further subjective study would be needed to 
observe the effect of increased velocity on the draught sensation of occupants between 
the region of 0.6 m and 1.1 m height above the floor. 
 
5.3.3 Turbulence Intensity Level  
Figures 5.18 and 5.19 present the turbulence intensity at various heights of the 
thermal manikin with large and small fans respectively, operating at LOW, MEDIUM 














































Figure 5.19 Measured turbulence intensity profile with the small fans 
 
The turbulence intensity level profiles were expressed in percentage (%). The 
anemometer had a total of four sets of measurement at the height of 0.1 m, 0.6 m, 
1.1m and 1.7 m over the four locations, La, Lb, Lc and Ld. The reported turbulence 
intensity levels were the average values of the four sets of measurement obtained at 
each height.  
 
The results of Figures 5.18 and 5.19 show that the turbulence intensity close to the 
floor level was higher than the other levels above when the fans were switched off. 
This might be due to the fact that the measuring locations at 0.1 m above the floor 
could still be within the supply air throw from the DV diffusers before the air sank to 
the floor level to form a cool air pool. After the fans were switched on, it is observed 
that at 0.6 m and above the turbulence intensity increased up to 50 – 65%. And the 

























small fans. It was noticed that the turbulence intensity at level of 1.1 m above the 
floor was also high, which suggested potential draught discomfort at the head level 
(especially the neck). This was to be verified in the human subject experiments 
discussed in the following section.  
 
5.4 Fan Type Selection   
The large fans could move more air per revolution than the small fans. Therefore, the 
temperature gradients at the vicinity of the thermal manikin’s body with the large fans 
were steeper than with the small fans. This meant that the large fans were more 
effective in bringing cool air upward and enhancing the free convection flow in rooms 
with DV system.  
 
On the other hand, the results of the velocity measurements indicated that the people 
would be subjected to higher air velocity and turbulence intensity when the large fans 
were employed as compared to the small fans. Throughout each experiment, the 
speeds of the large and small fans were kept to the pre-determined speeds as 
mentioned previously.  
 
The objective of the proposed novel enhanced DV system performing with fans 
attached to the chair is to enhance the convection cooling effect close to occupants in 
a room served by DV system, hence the thermal comfort could be improved at high 
ambient room temperature. The results of the objective measurements suggested that 
the differences of velocity and turbulence intensity between the small and the large 
fans were negligible while the vertical temperature profiles showed that the large fans 
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were more effective in enhancing the free convection flow around the thermal 
manikin. Besides, the large fans might be able to cool larger surface area of the body. 
Thus, the large fans were selected for the consequent study. 
 
5.5 Subjective Assessment Results 
5.5.1 Experimental Condition Validation 
Based on the objective measurement, only the large fans were used during the human 
subject experiments.  
 
Table 5.12 compares the nominal and the actual experimental conditions for the 
human subject study. The environment during the subjective measurements was quite 
close to the aimed environment and almost the same as the environment during the 
objective measurements. A detailed record of the experimental conditions is further 
tabulated in Appendix E. 
 
Table 5.12 Experimental conditions of the parametric subjective study 













Room air temp. 






(L/s/p) Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
20 30 20.25 ±0.17 23.03 ±0.30 22.15 ±0.31 66.40    0.74   29.5 
22 30 21.95 ±0.26 24.53 ±0.28 23.95 ±0.26 67.30 0.99  29.8 
24 30 23.95 ±0.25 26.98 ±0.22 26.03 ±0.33 68.15 1.01  29.8 
 
 
Figure 5.20 compares the temperature profiles measured at the room air temperature 














La – Ld, Figure 4.3) and the human subjective experiments (location La, Figure 4.4). 
The comparison shows rather similar vertical temperature distribution, i.e. the results 



















Figure 5.20 Temperature profiles -- supply air temperature 20 °C. Objective Study (OS) 






























The temperatures from the measurements near the subject were obtained at the 
beginning of each session when only MEDIUM fan level was used and before the 
subjects made any adjustments to the fan speed. When the fans were switched on, 
improved convection cooling effect was found in the region around the occupants. 
The vertical temperature gradient profiles became steeper to 1.55 °C/m from 
1.09 °C/m when there were no fans used. This showed that the fans were effective in 
enhancing the free convection airflow around the occupants.  
 
Similar to the objective measurement results, in the subjective study the temperature 
at 0.6 m decreased almost to the level of the ambient temperature after the fans were 
switched on. Apparently, this was different from the conventional DV temperature 
profiles. This phenomenon was due to the fact that the cooler air from the surrounding 
area was brought to the occupants and led to a decrease in temperature at 0.6 m level.  
 
5.5.2 Whole Body Thermal Sensation and Whole Body Thermal Comfort 
Figures 5.21 to 5.23 compare the whole body thermal sensation (WBTS) averaged for 
the 32 subjects with and without the use of fans in three room air temperatures. In 
these cases, the whole body thermal neutrality was expected. The subjects were 
allowed to adjust their clothing. The clothing values were between 0.50 clo and 1.15 


















Figure 5.21 Whole Body Thermal Sensation (WBTS) at an ambient temperature of 22 °C 













Figure 5.22 Whole Body Thermal Sensation (WBTS) at an ambient temperature of 24 °C 









































22 deg C without fans








24 deg C without fans















Figure 5.23 Whole Body Thermal Sensation (WBTS) at an ambient temperature of 26 °C 






For all the cases at the ambient air temperatures of 22 °C and 24 °C, the average votes 
of WBTS were within the range of -0.65 to -0.35, which was close to the thermal 
neutrality. However, at the ambient temperature of 26 °C, the subjects reported warm 
thermal sensation for the cases without fans with an average vote of WBTS at 
approximately 1.9 (close to warm thermal sensation). A decrease in the average votes 
of WBTS was seen after the use of fans, and it declined to 0.95, which was close to 
slightly warm thermal sensation.  
 
At the same room air temperature of 26 °C, the WBTS reported with and without fans 
were significantly different (p=0.023) whereas at room air temperatures of 22 °C and 



























26 deg C without fans
26 deg C with fans
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their clothing, i.e. put on an additional jacket, and thus to maintain thermal neutrality 
when ambient temperature was relatively low (22 °C and 24 °C). Conversely, when 
the room air temperature was 26 °C, with and without fans, though subjects attempted 
to adjust their clothing to maintain thermal neutrality, yet the ambient air temperature 
was just too high to compensate for its impact on the thermal sensation. In the 
experiment without fans, the subjects felt thermal discomfort even though they 
changed their clothing but the use of fans at room air temperature of 26 °C seemed to 
improve their thermal sensation.  
 
The profiles of Whole Body Thermal Comfort (WBTC) as shown in Figure 5.24 to 



















Figure 5.24 Whole Body Thermal Comfort (WBTC) at an ambient temperature of 22 °C 
(-3 much too cold, -2 too cool, -1 comfortably cool, 0 neither warm nor cool,  











22 deg C without fans



























Figure 5.25 Whole Body Thermal Comfort (WBTC) at an ambient temperature of 24 °C 
(-3 much too cold, -2 too cool, -1 comfortably cool, 0 neither warm nor cool,  












Figure 5.26 Whole Body Thermal Comfort (WBTC) at an ambient temperature of 26 °C 
(-3 much too cold, -2 too cool, -1 comfortably cool, 0 neither warm nor cool,  
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26 deg C without fans

















Generally for all the cases with or without fans, the WBTC votes were close to 0 (i. e. 
neither warm nor cool), with a negative maximum value of -0.78 (close to 
comfortably cool) when the fans were used at an ambient temperature of 22 °C, and a 
positive maximum value of 0.97 (close to comfortably warm) when the subjects were 
exposed to an ambient temperature of 26 °C without using the fans. The values of 
WBTC were not significantly different only for the cases at the ambient temperature 
of 24 °C (p>0.05),  they were significantly different for the rest of the cases at the 
room air temperatures of 22 °C and 26 °C, with a p-value of 0.029 and 0.021 
respectively. 
 
5.5.3 Local Thermal Sensation of Body Parts  
Figure 5.27 presents the Local Thermal Sensation (LTS) and WBTS at a room air 
temperature of 22 °C. It was expected that the LTS and WBTS reported by the 
subjects would be close to neutral since the subjects were able to adjust their clothing, 
as well as to regulate the fan speed (in the experiment when they were allowed to use 
the fans).  The LTS at the room air temperature of 22 °C was in the range of -1.2 to 
0.3 for the cases without fans and -1.5 to 0.27 for the cases with fans. Although the 
shape of the two profiles was similar, the votes of LTS for the cases without fans were 
closer to the neutral region (0) as compared to the cases with fans. Among the 
different body parts, the coldest LTS (-1.2, i.e. slightly cool) was reported at the calf 
area for the cases without fans, and slightly cooler (-1.5) at the hands for the cases 
with fans; the highest LTS vote (0.3) was reported for the back. The results obtained 
without fans were in line with the findings (Yu et al., 2005) for conventional DV 
system that subjects were prone to cold sensation at the lower portion of their body. 
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When the fans were switched on, the upper bodies of the subjects were exposed to 
stronger air movement and more prone to cold sensation. Under these conditions the 
hands had the lowest LTS votes due to the direct exposure to air, followed by the 












Figure 5.27 Local Thermal Sensation (LTS) for different body parts and WBTS at an ambient 
temperature of 22 °C 
 
The LTS and WBTS at the room air temperature of 24 °C are shown in Figure 5.28. 
Both, the LTS and the WBTS were expected to be close to neutral. The LTS was in 
the range of -0.72 to 0.5 without fans and -0.93 to 0.53 with fans. Among the different 
body parts, the calf area was felt the coldest (0.72) as well as the feet for the cases 
without fans and at the waist, the arms and the hands for the cases with fans. Both, 
with and without fans, the highest (warmest) thermal sensation (0.5) was felt at the 
back. 
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Figure 5.28 Local Thermal Sensation (LTS) for different body parts and WBTS at an ambient 
temperature of 24 °C 
 
 
Figure 5.29 shows the LTS and WBTS at the room air temperature of 26 °C. Both the 
LTS and WBTS were close to the slightly warm sensation without fans and moved 
closer to neutral with fans. The LTS was in the range of 0.9 to 1.8 without fans and 
0.7 to 1.6 with fans. Among the different body parts, the hands, the calves and the feet 
areas were felt the coldest (0.9) without fans, and the waist and the hands for the cases 
with fans (0.7). Both with and without fans, the highest thermal sensation (1.8), i.e. 
close to warm, was felt at the back.  
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Figure 5.29 Local Thermal Sensation (LTS) for different body parts and WBTS at an ambient 
temperature of 26 °C 
 
 
In summary, the LTS votes differed according to different ambient temperatures. At 
low room air temperatures of 22 °C and 24 °C, the subjects experienced between 
slightly cool and cold thermal sensation and most of the reported LTS votes were 
lower than thermal neutrality. At the ambient air temperature of 26 °C, the majority of 
the LTS votes were above the neutral thermal sensation. Among the different body 
parts, where the subjects reported cold thermal sensation were the waists region as the 
fans were blowing air beneath the waist level. For the cases without fans, at room air 
temperatures of 22 °C and 24 °C, the subjects, especially female subjects, reported 
cooler thermal sensation at the feet and the calves as compared to other body parts. 
This is primarily because of their attire with skirts and open-toe shoes. At room air 
-0.5 0 0.5 1 1.5 2 2.5
Ambient temp 26 deg 
C, w/o fans

















Local Thermal Sensation 
(-3 cold, -2 cool, -1 slightly cool, 0 neutral, 
 1 slightly warm, 2 warm, 3 hot) 
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temperature of 26 °C, the results showed that the use of fans helped to improve both 
the LTS and WBTS, and to bring it from warmer side closer to the neutral thermal 
sensation. The high LTS votes reported at the ambient temperature of 26 °C without 
fans demonstrated that clothing adjustment was unable to help to achieve thermal 
neutrality for the subjects due to the high ambient temperature. An extended air 
movement around the subjects was needed to improve their thermal sensation to a 
level closer to thermal neutrality. 
 
5.5.4 Variation of Local Thermal Sensation 
Figure 5.30 shows the variation ranges of LTS as reported at the three room air 
temperatures. The variation range of LTS is defined as the difference of the absolute 






































w/o fans   with fans                w/o fans   with fans                w/o fans    with fans 
  Amb. Temp 22 °C                  Amb. Temp 24 °C                  Amb. Temp 26 °C 
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The results in the figure showed that the variation range of LTS decreased with the 
increase of room air temperature. At room air temperature of 22 °C, the variation 
ranges for the cases with and without fans were significantly different (p=0.019) from 
the range without fans. Similar results were obtained at room air temperature of 24 °C 
(p=0.036) and room air temperature of 26 °C (p=0.005). According to Houdas and 
Ring (1982), higher variation range of LTS leads to a higher risk of local thermal 
discomfort. Figure 5.30 indicates that occupants were more prone to thermal 
discomfort at low ambient air temperatures. At ambient air temperatures of 22 °C and 
24 °C, the use of fans intended to increase the thermal discomfort, while at ambient 
air temperature of 26 °C, the thermal discomfort was unlikely to be increased due to 
the use of fans. A subsequent subjective study was carried out to verify these findings 
in a later section of this chapter. 
 
5.5.5 Whole Body Thermal Sensation vs. Local Thermal Sensation 
The LTS vote of one body part may affect the other parts. However, the extent of the 
impact on different body parts is not always the same. 
 
A stepwise linear regression was employed to investigate the correlation of WBTS 
with the LTS (Figures 5.27, 5.28, and 5.29). The equation is as follows: 
 
0.391 0.406 0.321 0.219 0.106calf waist foot armWBTS LTS LTS LTS LTS= + × + × + × + ×  




The collinearity statistics for the independent variables is tabulated in Table 5.13. The 
values of Variance Inflation Factor (VIF) for all independent variables were less than 
10. Hence, the independent variables were not highly inter-correlated (Tan, 2002). 
 




Calf 0.306 6.703 
Waist 0.363 8.821 
Foot 0.293 2.763 
Arm 0.128 8.233 
 
From the above expression, the value of WBTS is mainly related to the values of LTS 
at the regions of calf, waist, foot and arm. This equation can be used to predict the 
WBTS values based on the LTS at the selected body parts.  
 
It concurs with the findings in the research by Yu et al. (2005) on the conventional 
DV system, that the calf, the foot and the arm areas are the essential areas to predict 
the WBTS values. This is mainly because occupants are usually exposed to lower 
ambient temperature at their lower body. People in the tropics usually wear short-
sleeve shirts and light clothes, and open-toe shoes for girls.   
 
Besides, for the enhanced DV system with the assistance of fans, it is also found that 
the thermal sensation at the waist region is equally important for the enhanced DV 
system, which is different from the findings for the conventional DV system. It is 
normally acknowledged that the upper body thermal sensation is less influential by 
the surrounding environment as compared to the lower body. However, when the fans 
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attached to the chair are used, the waist region is also exposed to high air movement, 
and thus the thermal sensation at this region becomes equally essential in the overall 
thermal sensation.  
 
5.5.6 Local Thermal Comfort  
Figures 5.27 – 5.29 show the values of LTC of different body parts as well as the 













Figure 5.31 Local Thermal Comfort (LTC) for different body parts at an ambient air 
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Figure 5.32 Local Thermal Comfort (LTC) for different body parts at an ambient air 













Figure 5.33 Local Thermal Comfort (LTC) for different body parts at an ambient air 
temperature of 26 °C 
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At the room air temperatures of 22 °C and 24 °C, both the LTC and WBTC were 
expected to be under comfortably cool category. At the room air temperature of 26 °C, 
both were expected to be under comfortably warm category. The LTC was in the 
range of -0.84 to 0.1 without fans and -1.1 to 0.15 with fans at the ambient air 
temperature of 22 °C. The feet had the lowest thermal comfort rating (-0.82) in the 
cases without fans and the waist had the lowest thermal comfort rating (-1.15) in the 
cases with fans. At the room air temperature of 24 °C, the LTC saw the minimum of -
0.5 at the feet, and the maximum of 0.1 at the back area without the operation of the 
fans. After the subjects switched on the fans, they felt cooler and the profile of LTC 
shifted towards the comfortably cool rating with the minimum LTC (about -0.45) at 
the waist and the feet areas and the maximum (0), i.e. neither warm nor cool, at the 
back. The LTC increased to the positive portion of the thermal comfort rating scale as 
the ambient air temperature increased to 26 °C. Without fans, the LTC reached the 
maximum of 1.2 at the back, and reached the minimum of around 0.6 at the feet and 
the calf areas. However, the LTC dropped after the fans were switched on and the 
thermal comfort was improved by reducing the LTC to a range of 0 to 0.5 from a 
relatively high level close to 1 for the cases without fans. The highest LTC occurred at 
the back (0.78), and the lowest at the feet (0.1). A sharp drop of LTC at the waist was 




















Figure 5.34 Variation ranges of LTC for all cases 
 
 
The variation ranges of LTC are shown in Figure 5.34. The variation of LTC is 
defined as the difference of the absolute individual highest and the absolute individual 
lowest values of LTC among the different body parts. At room air temperature of 
22 °C, the variation range for the case with fans was significantly different (p=0.042) 
from the variation range without fans. Similar results were obtained at room air 
temperature of 24 °C (p=0.039) and room air temperature of 26 °C (p=0.026). This 
demonstrated that the use of fans had significant impact on the variation range of LTC. 
The results show that the LTC variation range was wider at room air temperature of 
26 °C than that at 24 °C. This is due to the high ambient temperature causing thermal 
discomfort and the use of fans improved the thermal comfort greatly at the waist and 
above. 
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5.5.7 Local Thermal Comfort vs. Local Thermal Sensation 
The linear regressions of LTS and LTC at the waist with results both with and without 












Figure 5.35 Correlation of LTC and LTS of the waist 
 
 
The detailed correlations of LTC and LTS of the other body parts are shown in 
Appendix F. The correlation equations obtained for the different body parts are 











































































LTS at waist 
(-3 cold, -2 cool, -1 slightly cool, 0 neutral, 




Table 5.14 Summary of correlations of LTC and LTS of body parts 
Body segments LTC R2 
Head 0.8052LTS+0.0268 0.9726 
Back 0.6864LTS-0.1859 0.9155 
Chest 0.7032LTS-0.0522 0.9945 
Waist 0.7271LTS-0.0967 0.9140 
Arm 0.4831LTS-0.1684 0.9329 
Hand 0.6296LTS-0.0604 0.8906 
Thigh 0.5303LTS+0.0461 0.9947 
Calf 0.5683LTS-0.0781 0.9528 
Foot 0.6093LTS-0.1690 0.9045 
 
 
The linear regressions could be used to predict occupant’s local thermal comfort 
based on the local thermal sensation of the different body parts. Table 5.14 shows that 
the slopes of the upper body including the back, the chest, the waist and the arm are 
less steep than the rest body parts. This implies that the use of fans affected the 
thermal comfort sensation, and the LTS values were more independent on the LTC 
values for the upper body parts. This is because the subjects were able to adjust the 
fan speed according to their thermal preference to achieve thermal neutrality, and the 
upper body is more prone to the airflow changes due to the use of fans. The fans could 
help the subjects to offset the discomfort due to the increase of the ambient 
temperature. 
 
5.6 Implication of Personal Control of Fan Speed 
In the cases with fans, at the beginning of the experiment the speed mode was pre-
adjusted to 8 V, MEDIUM speed mode, and the subjects had the liberty to adjust the 
speed accordingly to their most preferred conditions. The changes of the fan speed 
were recorded when any adjustment was made. It was observed that the subjects did 
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not change the fan speed very often. The average frequency of adjustments made by 
the subjects was 2.6 times at room air temperature of 22 °C, 2.3 times at room air 
temperature of 24 °C, and 1.1 times at room air temperature of 26 °C. 
 
It was also found that most of the adjustments were made at the beginning of the 
experiments. Within the first 30 minutes, 75% of the subjects completed the fan 
adjustments at room air temperature of 22 °C, 65.6% at room air temperature of 24 °C, 
and 93.8% at room air temperature of 26 °C. More that 90% of the fan speed 
adjustments were carried out in the first one hour for all three experiments with fans.  
 
Differences between the male and female subjects in the control pattern of fans were 
also observed. The female subjects adjusted the fan speed more often than the male 
subjects, especially at low ambient air temperature. The female subjects logged an 
average of 3.2 times of adjustment at room air temperature of 22 °C as compared to 
an average of 2 times for the male subjects, and 3.1 times for the female subjects as 
compared to 1.5 times for the male subjects at room temperature of 24 °C. However, 
the number of adjustments made between the male and female subjects was quite 
close at room air temperature of 26 °C. This was because usually the subjects turned 
the fans to the maximum HIGH speed at their first adjustments, and further 
adjustment was not required. The reasons for the control pattern differences between 
the two genders may be attributed to the psychological and physical differences 
between male and female occupants. Female occupants are generally more sensitive 
towards air movement than male occupants, and their attires are also more exposed 




5.7 Air Movement Preference 
The distribution of subjects’ preference for “more / no change / less air movement” is 
shown in Figures 5.36, 5.37, and 5.38 respectively at room air temperatures of 22 °C, 
24 °C and 26 °C. The preference votes are presented as percentage of the subjects 
who preferred the particular change in the air movement. The different preferences 
are shown with different colours as developed in time and depending on the used 
mode of the fans, namely OFF mode (0 V), LOW speed mode (4 V), MEDIUM speed 
mode (8 V) or HIGH speed mode (12 V). The subjects were requested to fill in their 
questionnaires periodically in a 30-minute interval during the 1.5-hour long session. 
The fans were pre-adjusted at the MEDIUM speed level for every subject at the 
beginning of each experiment, and the subjects were free to control the fan speed 
according to their preference subsequently. The percent of subjects with preference of 
certain fan speed is shown in Figures 5.36 – 5.38. The number of the subjects using a 








Fan speed M  Off L M H  Off L M H  Off L M H 
Subjects 32  4 22 4 2  8 21 3 0  8 21 3 0 
Time 
[mins] 0  30mins later  60mins later  90mins later 
 





































Fan speed M  Off L M H  Off L M H  Off L M H 
Subjects 32  3 11 10 8  1 18 7 6  3 20 6 3 
Time 
[mins] 0  30mins later  60mins later  90mins later 
 











Fan speed M  Off L M H  Off L M H  Off L M H 
Subjects 32  0 2 10 20  0 0 8 24  0 0 6 26 
Time 
[mins] 0  30mins later  60mins later  90mins later 
 
 























































The most preferred / used fan speeds for different room air temperatures are tabulated 
in Table 5.15. 
 









22 LOW 21 
24 LOW 20 
26 HIGH 26 
 
 
The results identified large differences among the tropically acclimatized subjects, 
especially for the cases of 24 °C (Figure 5.37). The preference for air movement was 
affected by the ambient air temperature. When the ambient air temperature was at 
22 °C, the subjects preferred LOW fan speed. It was reported that 8 out of 32 subjects 
switched off the fans at 22 °C, and 21 out of 32 set the fans running at LOW speed. 
The preference for the air movement increased as the ambient room air temperature 
increased. At room air temperature of 26 °C, it was recorded that 26 out of 32 subjects 
eventually set the fans running at HIGH fan speed and none of them were using the 
LOW fan speed or switched off the fans. The rest of the subjects who did not use the 
HIGH fan speed mode were mainly female subjects who wore more exposed clothing 
than their male counterparts.  
 
It was also observed that apart from the condition of 26 °C, usually more subjects 
preferred less air movement and fewer subjects preferred more air movement when 
local air velocity increased. This finding concurs with the observations of the air 
movement preference in ASHRAE field studies conducted by de Dear (1998). 
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However, at 26 °C, which the temperature was slightly above the comfortable 
temperature range (22.5 °C – 25.5 °C) recommended by the Singapore local 
guidelines for air-conditioned premises, the subjects intended to increase the local air 
movement to improve their thermal comfort level.  
 
The correlation between the percentages dissatisfied (defined as the percentage of 
subjects who preferred less or more air movement) and the local air velocity and 
temperature are illustrated in Figure 5.39 and Figure 5.40. The quadratic regression 





















































































Figure 5.40 Percentage dissatisfied (prefer more air movement) 
 
 
The percentage of the subjects who preferred less air movement increased as the fan 
speed increased, and the room air temperature decreased, i.e. at constant fan speed 
more subjects preferred less air movement when the room air temperature decreased. 
The results in Figure 5.39 also showed that the curves of 22 °C and 24 °C were much 
steeper than the curve at 26 °C. This reconfirms the pervious finding that at high 
ambient air temperature, the acceptability of the air movement generated by the 
enhanced DV system increases. 
 
The percentage dissatisfied (those who preferred more air movement) decreased as 
the fan speed increased (Figure 5.40). It increased with the increase of the room air 
temperature. The curve of 22 °C remained quite flat and showed low percentage 
dissatisfied as compared to the results at 24 °C and 26 °C. This was due to the fact 


























that most of the subjects did not make frequent adjustments for the fan speed at this 
temperature, and thus less air movement dissatisfactions were recorded. The curve of 
26 °C was the steepest among all the three curves, which demonstrated that the 
subjects preferred more air movement when the ambient air temperature was high. So, 
higher air movement could help to offset the discomfort due to the high ambient 
temperature.  
 
From Figures 5.39 and 5.40, it can be concluded that for tropically-acclimatized 
subjects, individual controls over the fan speed for the enhanced DV system is 
favourable and could help to offset the thermal discomfort, especially at high ambient 
air temperature, such as 26 °C.  
 
5.8 Fan Speed Levels 
The results were analysed to identify the fan speed level providing the highest 
comfort. Quadratic regression was applied. Figure 5.41 shows the regression between 
the overall percentage dissatisfied due to the air movement and the fan outlet speed. 
The curves at 24 °C and 26 °C showed that the overall percentage dissatisfied usually 
first decreased and then increased as fan outlet air velocity increased. There were 


















Figure 5.41 Percentage dissatisfied 
 
 
For the three different ambient air temperatures, namely 22 °C, 24 °C and 26 °C, the 
most satisfied fan speeds for the enhanced DV system are tabulated in Table 5.16. The 
most satisfied fan speed is defined as the fan speed level which is associated with the 
lowest dissatisfied votes. 
 








22 OFF (0.0 m/s) 11% 
24 MEDIUM (1.21 m/s) 26% 
26 HIGH (1.87 m/s) 15% 
 
 
In compliance with ISO 7730 (2005), the acceptable range should satisfy at least 80% 





































dissatisfied 26% was obtained with the MEDIUM fan speed level. This might be due 
to the fact that the speed adjustment options that we had provided in this study was 
not continuous and the subjects might be limited to the provided options, and might 
prefer a fan speed level in between of the pre-set LOW and MEDIUM levels. At the 
ambient air temperature of 22 °C, there were only two subjects recorded using the 
HIGH mode due to low ambient air temperature. Possible draught sensation might be 
caused if high speeds, i.e. HIGH and MEDIUM, were applied. The most satisfied fan 
speed was LOW mode for the cases at 22 °C, with an overall dissatisfied percentage 
of 11%. At the ambient air temperature of 24 °C, the overall percentage dissatisfied 
decreased as the fan speed increased. This was before it reached its minimum and 
increased thereafter. Thus, the most satisfied fan speed at 24 °C was the MEDIUM 
mode with an overall dissatisfied percentage of 26%.  Draught sensation was only 
registered when the subjects used HIGH mode at 24 °C. At the ambient temperature 
of 26 °C, the overall dissatisfied percentage decreased as the fan speed increased, and 
reached the lowest of 15% at the HIGH mode.  
 
Based on the most preferred / used fan speed modes and the most satisfied fan speed 
modes with the least dissatisfied subjects in this study, recommended fan speed 
modes for a follow-up subjective study at different ambient temperature contents are 
listed in Table 4.17. 
 




Recommended fan speed 
22 OFF - LOW 




The recommended fan speeds increase as the ambient temperature increases. They are 
a range rather than a fixed level so that it can cater to the majority of occupants and 
serve as a first approximation. In the next stage of the study, subjects are encouraged 
to adjust the fan speed within the recommended range according to their thermal 
preferences.  
 
5.9 Reasons of Dissatisfaction 
The percentage dissatisfied due to air movement had been discussed in the previous 
sections. In this section, the possible reasons for the dissatisfaction with the air 
movement are examined. 
 
In a typical conventional DV system, draught at the ankle is one of the most often 
complaints of dissatisfaction. Other reasons of the dissatisfaction can be attributed to 
various factors, such as poor air quality, dry eyes or blocked noses. 
 
Therefore, thermal discomfort, air quality and local physiological discomfort are 
identified as the major possible reasons of air movement dissatisfaction. The 
evaluation criteria for each aspect are depicted as follows. 
 
5.9.1 Evaluation Criteria for Dissatisfaction 
Subjects’ response to the environment and the reasons of dissatisfaction were 
collected by questionnaires which cover thermal sensation, air movement perception, 
and feeling of the environment (eyes / nose / mouth). Thermal comfort is excluded 
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from the dissatisfaction analysis since it is a comprehensive perception combination 
and might be influenced by thermal sensation and air movement acceptability. 
 
Preference for Less Air Movement 
1. Whole body thermal sensation 
Subjects reported on their thermal sensation for the whole body using ASHRAE 7-
point thermal sensation scale. Subjects’ dissatisfaction may be due to whole body 
thermal sensation in the cool state, i.e. the negative side of the sensation scale. The 
analysis criteria are a combination of thermal sensation and air movement preference. 
Dissatisfaction was recorded when subjects request for less air movement, i.e. too 
much current air movement, and the whole body thermal sensation votes are -1 or 
lower, i.e. slightly cool, cool or cold. 
 
2. Air movement perception 
Linear Visual-Analog (VA) scales with an interval between “just unacceptable” and 
“just acceptable” were used to report the feeling of air movement, ranging from -1 
(very unacceptable) to +1 (very acceptable). Analysis criteria are based on the air 
movement perception and preference. Dissatisfaction was recorded if the acceptance 
falls in the negative portion when less air movement preference was reported. 
 
3.  Local physiological discomfort 
Local physiological discomfort symptoms include dry nose, dry lips, dry eyes etc 
(refer to Appendix B) due to high air movement. Linear VA scales without intervals 
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were used, with -1 (nose dry / lips dry / eyes dry) to +1 (nose not dry / lips not dry / 
eyes not dry).  A value below 0 is arbitrarily taken as the presence of the symptoms. 
 
4. Inhaled air quality and irritation 
Poor inhaled air quality and irritation in nose, throat and eyes might cause 
dissatisfaction too. Hence, linear VA scales with an interval between “just 
unacceptable” and “just acceptable” were used for air quality perception. A response 
of inhaled air quality that falls in the range from just unacceptable to very 
unacceptable is considered as a dissatisfaction reason. Continuous scales without 
intervals were used for irritation perception. A value of above 0 is arbitrarily taken as 
the presence of the irritation symptoms. 
 
5. Unexplainable reason 
The rest of the subjects’ dissatisfactions that cannot be explained by the Items 1, 2, 3 
or 4 are considered as unexplainable reasons that cannot be explained using the 
questions provided in the questionnaires. 
 
Preference for More Air Movement 
1. Whole body thermal sensation 
Subjects reported on their thermal sensation for the whole body using ASHRAE 7-
point thermal sensation scale. Subjects’ dissatisfaction may be due to whole body 
thermal sensation in the hot state, i.e. the positive side of the sensation scale. The 
analysis criteria are a combination of thermal sensation and air movement preference. 
Dissatisfaction was reported when subjects request for more air movement, i.e. not 
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enough current air movement, and the whole body thermal sensation votes are +1 or 
higher, i.e. slightly warm, warm or hot. 
 
2. Air movement perception 
Linear VA scales with an interval between “just unacceptable” and “just acceptable” 
were used to report the feeling of air movement, ranging from -1 (very unacceptable) 
to +1 (very acceptable). Analysis criteria are based on the air movement perception 
and preference. Dissatisfaction was recorded if the acceptance falls in the negative 
portion when reported more air movement preference. 
 
3.  Local physiological discomfort 
Local physiological discomfort symptoms include dry nose, dry lips, dry eyes etc 
(refer to Appendix B) due to high air movement. Linear visual-analog scales without 
intervals were used, with -1 (nose dry / lips dry / eyes dry) to +1 (nose not dry / lips 
not dry / eyes not dry).  A value of below 0 is arbitrarily taken as the presence of the 
symptoms. 
 
4. Inhaled air quality and irritation 
Poor inhaled air quality and irritation in nose, throat and eyes might cause 
dissatisfaction too. Hence, linear VA scales with an interval between “just 
unacceptable” and “just acceptable” were used for air quality perception. A response 
of inhaled air quality that falls in the range from just unacceptable to very 
unacceptable is considered as a dissatisfaction reason. Continuous scales without 
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intervals were used for irritation perception. A value above 0 is arbitrarily taken as the 
presence of the irritation symptoms. 
 
5. Unexplainable reason 
The rest of the subjects’ dissatisfactions that cannot be explained by the Items 1, 2, 3 
or 4 are considered as unexplainable reasons that cannot be explained using the 
questions provided in the questionnaires. 
 
5.9.2 Results of Analyses 
Figures 5.42, 5.43 and 5.44 show the breakdowns of the reasons of dissatisfactions for 
different ambient air temperatures of 22 °C, 24 °C and 26 °C. The first pie chart of 
each figure illustrates the overall percentages of satisfied and dissatisfied for all 
temperature conditions. Subsequently, the overall percentage dissatisfied is further 
broken down into two categories, namely “prefer more air movement” and “less air 
movement”. And for each category, individual reasons for dissatisfaction based on the 
questionnaire survey are analysed. 
 
The overall percentages computed in the Figures 5.42 to 5.44 were based on the 
recommended fan speeds for each ambient temperature. For 22 °C, the data illustrated 
in Figure 4.43 were only based on the questionnaire of subjects used OFF and LOW 
modes. Similar for Figure 5.43 when ambient air temperature was 24 °C, the pie 
charts only presented the data when the fans were switched to LOW and MEDIUM 
modes, and in Figure 5.45, only data of questionnaire results with fans adjusted at 
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HIGH speed were presented. Hence, these three figures are comparable and 
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Figure 5.44 Reasons of dissatisfied related to air movement at 26°C 
Dissatisfied (32%) 
Satisfied (68%) 
Prefer more air 
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132 
 
In Figures 5.42 to 5.44, the majority of the subjects were satisfied with the above-
mentioned recommended conditions in Table 5.16, and the dissatisfaction reasons 
varied according to different ambient room air temperatures. As expected at low air 
temperature, the subjects preferred less air movement, while at high air temperature, 
more air movement was preferred. Generally, the main factors attributed to the 
dissatisfactions were the thermal sensation and air movement perception. Air quality 
and irritation were seldom complained in this study. 
 
In Figure 5.42 at ambient air temperature of 22 °C, 19% of the subjects were not 
satisfied with the OFF or LOW mode, and among which, 20% preferred to have more 
air movement when the fans were off, and 80% to have less air movement when the 
fans were on at LOW speed. Only two subjects out of all the subjects complained 
disaffection due to air movement. One complained that he felt bad air quality and the 
other reported local physiological discomfort. When the subjects preferred less air 
movement, 45% of the subjects complained draught sensation, and 27% complained 
that it was too cold. The rest complained bad air quality and irritation (10%) and local 
physiological discomfort (18%). 
 
Figure 5.43 shows the reasons of dissatisfaction due to air movement at 24 °C. There 
were 32% of the subjects dissatisfied with the LOW or MEDIUM mode with 30% of 
them preferring to have more air movement while 70% preferring less air movement. 
The reasons for subjects to prefer more air movement vary. Forty-three per cent of the 
subjects attributed it to thermal sensation and voted it slightly too warm. Twenty-nine 
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per cent of the subjects complained about local physiological discomfort, 14% 
reported the air movement was not enough, and 14% put unexplainable reasons. 
When subjects preferred less air movement, 31% of the subjects complained draught 
sensation, and 25% complained that it was too cold and another 25% complained 
local physiological discomfort. Other reasons included bad air quality and irritation 
(12.5%) and unexplainable reasons (6.5%). 
 
The reasons of dissatisfaction due to air movement at 26 °C are illustrated in Figure 
5.44. Fifteen per cent of the subjects were dissatisfied with the HIGH mode with 67% 
of the subjects preferring more air movement while 33% of them preferring less air 
movement. The reasons for subjects to prefer more air movement included 50% of the 
complaints from hot thermal sensation, 33% due to the local physiological discomfort 
and 17% accusing air stillness. When subjects preferred less air movement, 60% of 
the subjects complained local physiological discomfort. The rest complaints included 
draught sensation (20%) and slightly cool sensation (20%). 
 
Ambient air temperature is a key factor affecting the percentage dissatisfied for the 
recommended fan speed. The supplementary air movement caused by the chair-
mounted fans was more preferable at high ambient air temperature. The study shows 
that at 26 °C, the fans outperformed the rest two temperature scenarios with the 
highest satisfactory rate at 85%. At ambient air temperature of 22 °C, the fans were 
not really necessary and draught sensation became the main complaint at such a low 
ambient air temperature. When the ambient air temperature was increased to 24 °C, a 
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low level air supply to the occupants was generally appreciated. However, 
approximately one third of the occupants might complain about the draught. As the 
ambient room air temperature increased to 26 °C, people started to feel warm and air 
movement around the occupants could help to offset the discomfort sensation due to 
high temperature. At this circumstance, the occupants might be more tolerant to air 
movement as compared to be in a cooler environment. 
 
5.10 Conclusions 
It was found that the use of fans attached to a chair in rooms with DV and low heat 
load and ceiling height improved significantly the performance of the conventional 
DV system. The temperature effectiveness generally could be improved by 30% and 
above by using the fans. In this study, two different sizes of fans were tested in terms 
of their impacts on air temperature, turbulence intensity and velocity. The results 
showed that the large size fans could improve the convection cooling better than the 
small size fans.  However, in terms of turbulence intensity and velocity impacts, there 
was not much difference between the two types. Hence, the large size fans were 
selected for the subsequent experiment study. 
 
Thirty-two college-aged tropically-acclimatized students were participating in a 
subjective study focusing on the thermal acceptance of the novel enhance DV system.   
It was found that the thermal comfort of users at warm room air temperature, 26 °C, 
can be improved greatly by the application of the fans. Body parts of the calf, the 
waist, the feet and the arms were identified as the areas the most sensitive to the air 
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movement in the enhanced DV system. An equation was obtained through a stepwise 
linear regression to help to predict the WBTS based on the LTS votes from the 
identified sensitive body parts. Through the study of subjects’ adjustment behaviours 
of fan speed, it was also found that most of the adjustments were made at the 
beginning of the experiments. More that 90% of the adjustments were done in the first 
one hour for all three experiments with fans. The usage pattern of the fans between 
different genders was also analysed, and the results found that female users intended 
to adjust fan speeds more often than male users since they are more sensitive to air 
movements as well as the attires they wore were more exposed.  
 
Further investigation of the subjective study recommended some fan speeds for 
different ambient air temperatures, OFF or LOW mode for 22 °C, LOW or MEDIUM 
mode for 24 °C, and HIGH mode for 26 °C. The findings on the percentage 
dissatisfied revealed that the main factors attributed to dissatisfaction were the 
thermal sensation and air movement perception. The study showed that at 26 °C, the 
fans outperformed the two lower temperature scenarios with the highest satisfactory 
rate at 85%. However, at low room air temperatures, especially at 22 °C, subjects did 
not use the fans, or complained about the draught. This was because the air movement 
around occupants could help to offset the warm thermal sensation when the ambient 
air temperature was high. Hence, it is encouraged to use the fans in a high temperature 
environment. And further measures to improve the subjects’ thermal comfort would 




CHAPTER 6      ASSESSMENT OF THERMAL COMFORT    
 - IMPACT OF FAN AIRFLOW DISCHARGE ANGLE 
 
6.1 Introduction 
The parametric study in Chapter 5 showed that the performance of the conventional 
displacement ventilation system in a mock-up office with low heat sources and floor-
to-ceiling height could be enhanced by the novel way of transporting cool air from the 
floor level to the occupant’s torso with the aid of four fans mounted at each corner of 
a chair. The subjective assessment of thermal comfort in the parametric study further 
revealed that the enhanced DV system at a room temperature of 26 °C could 
significantly improve the thermal comfort of occupants. Thus, in the final stage of the 
study, room air temperature of 26 °C was selected as the experimental condition for 
the human subjective thermal comfort assessments.  
 
In this study, the four fans were modified with movable fixtures to enable the 
discharge angle of the airflow from the fans to be adjusted to the user’s preference at 
three pre-set options, namely 0°, 30°, and 60° to the horizontal plane. This chapter has 
two sections. The first section presents the objective measurements conducted at the 
Climate Chamber nr. 7 at DTU. A typical office room with two thermal manikins was 
set up in the chamber. Objective measurements were conducted to determine the 
temperature profiles for different positions of fans, and the effects of the angle of 
airflow impinged on the manikin’s body with respect to the local heat loss from the 
body in terms of manikin-based equivalent temperatures. These results were used to 
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compare and correlate with the results of subjective assessment that was performed in 
the IAQ Chamber at NUS with 32 college-aged tropically-acclimatized subjects. The 
results of these human subject experiments are presented and discussed in the second 
section of this chapter.  
 
6.2 Objective Measurements with Thermal Manikins 
6.2.1 Experimental Method 
6.2.1.1 Experimental Facilities 
Measurements were performed in the Climate Chamber nr. 7 at DTU with 
demountable suspended ceiling and partition walls. The chamber was rearranged to 
form a typical office of size, measuring 4.7 × 5.4 × 2.7 m3 (W × L × H). The air-
conditioning system in the climate chamber has been described in Chapter 4. 
 
Two identical workstations were placed in the climate chamber as shown in Figure 
6.1. Each workstation consisted of a desk, a thermal manikin simulating an occupant 
(75 W), a desk lamp (55 W), a personal computer with a monitor (143 W), and an 
office chair. Six fluorescent light fixtures were evenly distributed over the ceiling (36 
W in total). The office area, 12.7 m2 per occupant, was close to the area of 14.3 m2 
recommended in the standards and guidelines (CEN 1752, 1998). The heat load in the 
chamber was kept constant. The chamber, including the light fixtures and the door, 
















FM – front manikin seated on an office chair without fans; BM – back manikin seated on a 
chair with fans, 1 – Supply unit, 2 – Exhaust unit                        
 
Figure 6.1 Layout in the Climate Chamber nr. 7 
 
The cooling loads for the experiments carried out in this study at the Climate 
Chamber nr. 7 are tabulated in Table 6.1.  
 
Table 6.1 Cooling loads in the Climate Chamber nr. 7 (objective measurments) 
Lighting Computers Occupants Total 
146 W 
(5.7 W/m²) 
2 × 143 W 
(11.3 W/m²) 




* approximate rate of sensible heat 
 
Two thermal manikins were used during the experiments. The two manikins wore 
tight clothes with a good fit to minimize the possibility of change of insulation due to 
air trapped in the clothing or folds of the attires. The clothing with thermal insulation 
for both manikins was about 0.50 clo (including chair) and they were operated under 
thermal comfort mode (see Chapter 4). The manikins were seated on typical office 
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chairs.  One of the chairs did not have  fans and the second chair had four fans of size 
80 × 80 × 25.4 mm3 (L × W × H) attached to the corners of the chair. The amount of 
airflow through the fans could be adjusted by varying the power supply voltage. The 
angle of air flow impinged against the manikin’s body could be adjusted by changing 
the fan’s position. The fans used were four normal computer cooling fans with a 
maximum voltage of 12 V and maximum power of 5.76 W. The office layout was set 
up as in both manikins facing the same direction with a 23-body-sgement back 
manikin (BM) sitting behind a 16-body-segment front manikin (FM) as shown in 
Figure 6.1. The BM manikin was sitting on a chair with four fans, while the FM 
manikin used a normal office chair without fans. 
 
Temperature measurements near the manikin BM seated on a chair with fans, location 
A (Figure 6.1), were performed at 0.1m, 0.6m, 1.1m and 1.7m heights with a multi-
channel low velocity thermal anemometer with omni-directional velocity probes 
described in Chapter 4.  The chamber was arranged symmetrically to the central axis 
through the DV diffuser, hence the locations B, C, and D, were selected to measure 
the ambient temperature with Type T thermocouples (accuracy ±5%) at six heights, 
namely 0.1 m, 0.3 m, 0.6 m, 1.3 m, 1.7 m and 2.5 m. During the measurements, the 
thermocouples were moved from location B to location C, and then to location D at an 
interval of 3 minutes to make sure that the condition could reach the steady state 
before each measurement. The duration of the measurement for each location was 3 
minutes, and the data was logged and stored at an interval of 10 seconds during the 3 
minutes.  Hence, the overall duration for each experimental case was 15 minutes. The 
anemometers and thermocouples were calibrated before the experiments.  
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6.2.1.2 Experimental Conditions 
During the experiments, the supply airflow rate from the DV was kept constant at 60 
L/s. However, the supply air temperature was changed at 20 °C, 22 °C and 24 °C with 
a temperature fluctuation within ±0.5 °C in order to achieve the required room air 
temperature of 22 °C, 24 °C and 26 °C. The room air temperature was controlled at 
1.3 m above the floor. At each room air temperature, the discharge angle of the flow 
from the fans was varied between 0°, 30°, and 60° from the horizontal plane as shown 






a) 0° discharge angle                      b) 30° discharge angle                    c) 60° discharge angle 
Figure 6.2 Fan discharge angles 
 
The previous finding revealed that at the ambient temperature of 22 °C, the most 
preferred fan speed level was OFF to LOW, at 24 °C LOW to MEDIUM was 
preferred, and at 26 °C HIGH speed was preferred. Hence, LOW, MEDIUM and 
HIGH speed levels were chosen for 22 °C, 24 °C and 26 °C studies respectively.  The 







Table 6.2 Experimental conditions of the objective study 
Case Room air temperature 
Angle 
(from the horizon) Fan operation 
1 
22 ± 0.5°C 
-- 0 V (0 L/s) 
2 0° 4 V (3.1 L/s) 
3 30° 4 V (3.1 L/s) 
4 60° 4 V (3.1 L/s) 
5 
24 ± 0.5°C 
-- 0 V (0 L/s) 
6 0° 8 V (7.7 L/s) 
7 30° 8 V (7.7 L/s) 
8 60° 8 V (7.7 L/s) 
9 
26 ± 0.5°C 
-- 0 V (0 L/s) 
10 0° 12 V (11.9 L/s) 
11 30° 12 V (11.9 L/s) 
12 60° 12 V (11.9 L/s) 
* The duration of each experiment was 15 minutes. 
 
The objective data were measured and logged simultaneously during each experiment.  
 
6.2.1.3 Evaluation Indices 
The effects of the angle of airflow impinged against the body with respect to the local 
heat loss from the body were analysed in terms of manikin-based equivalent 
temperatures (Teq). It is defined as the temperature of a uniform enclosure in which a 
thermal manikin with realistic skin surface temperatures would lose heat at the same 
rate as it would in the actual environment (ISO Standard 14505-2, 2004; Tanabe et al., 
1994). The heat loss from the manikins was recorded with a personal computer, which 
was also used to control the surface temperature of the manikins. Data for all body 
segments were stored together with a whole-body average, which was weighted by 
the surface area of the segments. The manikin-based equivalent temperature was used 
to evaluate the thermal comfort and was compared with the survey results. The 
manikins were calibrated before the measurements. Details on the determination of 
the equivalent temperature are given in Appendix G. During the experiments, heat 
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loss and skin surface temperatures for each body segment of the thermal manikin 
were recorded and the data were logged for about 15 -- 20 minutes for each 
experiment. 
 
6.2.2 Objective Measurement Results 
6.2.2.1 Temperature Measurement Results 
Figure 6.3 shows a typical temperature profile near the thermal manikin at the room 
air temperature of 22 °C. The measuring probes were placed close to the manikin BM 
(location A, Figure 6.1). For all the cases at the same room air temperature, the 
vertical temperature profiles became steeper between 0.6 m and 1.7 m height when 
the fans were used. This concurred with the findings in the previous parametric study. 
However, the vertical temperature profile was very stable and almost was not 
influenced by the different discharge angles. This phenomenon also occurred at the 
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The temperature profiles near the thermal manikin were consistent regardless of the 
discharge angle of the flow from the fans.  This showed that the local micro thermal 
environment close to the thermal manikins was not affected by the change of the 
discharge angles of the fans. It might be due to the fact that the change of the 
discharge direction of the cool air from the floor did not change the amount of cool air 
brought by the fans. However, it was believed that the cool air would eventually 
penetrate the convection airflow around the occupants and affects the heat transfer 
between the occupant’s body surface and the surrounding environment. Hence, 
different discharge angles of the cool air might affect different parts of occupant’s 
body. The following section would discuss this issue in the aspects of manikin-based 
measurements and subjective assessments. 
 
6.2.2.2 Manikin-based Equivalent Temperature (Teq) 
Figures 6.6, 6.7 and 6.8 show the whole-body manikin-based equivalent temperatures 
at the room air temperatures of 22 °C, 24 °C and 26 °C respectively. The differences 
among the cases with different discharge angles of the fans were very little at the 
same room air temperature. Hence, the whole-body manikin-based equivalent 
temperature did not change significantly as the discharge angles of the fans changed, 
which concurs with the findings concluded in the previous section that the general 
thermal environment close to the thermal manikin was not affected by the change of 
the discharge angles of the fans. Thus, the heat exchange of the whole body of the 
manikin with the surroundings remained almost the same regardless the fan angle, i.e. 






































































Figure 6.8 Whole-body manikin-based equivalent temperatures at 26 °C 
 
However, it was found that the whole-body manikin-based equivalent temperature 
changed significantly between cases with and without fans. The equivalent 
temperature increased by approximately 1 – 2 °C when the fans were off. This was 
because the use of fans caused more air movement, thus the heat transfer between the 
manikin and the surrounding increased, which led to a decrease of the equivalent 
temperature of the overall body.  
 
The whole body equivalent temperature changed as the room air temperature changed. 
However, the changes were not significant. One of the reasons could be that the room 
air temperature difference in the three experiments differed only by 4 °C (from 22 °C 
to 26 °C). It was observed that the equivalent temperature of the overall body was 
increased by about 1 – 2 °C as the room air temperature increased by 2 °C.  
 






















The impact of the fans at different discharge angles on the segmental equivalent 
temperatures was analysed in order to reveal possible causations of local thermal 
discomfort. Figures 6.9 – 6.11 present the segmental equivalent temperature profiles 
at the three room ambient temperatures with and without fans. The fans were adjusted 
at three different positions, namely 0°, 30°, and 60° to the horizontal plane. The 
profiles obtained under different room ambient temperatures had a similar pattern. 
The results showed that only the equivalent temperatures of the upper body segments 













Figure 6.9 Segmental equivalent temperature profiles at 22°C 
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Figure 6.11 Segmental equivalent temperature profiles at 26°C 
 
The results indicated that the forearm, the upper arm, the hands and the pelvis 
segments of the manikin were the most affected segments by the use of fans. These 
most-affected body segments could be grouped into two categories: upper limbs and 
waist. The segmental equivalent temperatures determined for the other body segments 
was not very much affected by the discharge angle of the fans. The equivalent 
temperatures for the lower limbs were basically depended on the DV supply air 
temperature. On the other hand, the momentum of the cool air brought upwards by the 
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fans was reduced significantly by the obstacles of the thermal manikin’s arms and was 
not able to reach the level above the arms. 
 
The cooling effect of the fans was expressed in terms of the difference between the 
equivalent temperature measured with the fans and the equivalent temperature 
measured without the fans at the same ambient temperature. Figures 6.12 – 6.14 show 














Figure 6.12 Cooling effect on manikin’s body segments at 22 °C 
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Figure 6.14 Cooling effect on manikin’s body segments at 26 °C 
 
On the whole at all three ambient temperatures, the segmental equivalent temperature 
differences when the fans were placed horizontally were less than the differences 
when the fans were inclined at some degree. This implied that the fans were more 
effective in providing cooling effect to occupants when they were adjusted to a degree 
to the horizontal plane. 
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The largest differences in the segmental equivalent temperature at the waist occurred 
when the discharge angle was set at 30° from the horizontal plane for the three 
ambient room air temperature scenarios. It meant that the local heat loss from the 
manikin’s body to the surrounding was the highest at 30°. As for the upper-limb 
segments, the forearms and the upper arms were most prone to air movement as 
shown in Figures 6.12 – 6.14, and followed by the hand segments. This indicated that 
some of the air leaving the fans was blown directly towards the upper limbs of the 
manikin while some air penetrated and mixed with the convection flow layer around 
the waist. 
 
However, it is also noticed that in Figure 6.12 when the ambient air temperature was 
at 22 °C, there were sharp decreases of the equivalent temperature difference in the 
left/right face with fans adjusted at 60° to the horizontal plane. This might be due to 
some measurement biases. 
 
A Cooling Effective Zone (CEZ) concept is introduced in this study to define the zone 
formed by the cool air discharged from the fans. It is illustrated in Figure 6.15 with 
different fan discharge angles. It shows that when the fans are adjusted at 30° to the 
horizontal plane, more body parts can be exposed to the CEZ zone as compared to the 
other two scenarios. This may help to explain why the 30° can normally provide 











a) 0° discharge angle                     b) 30° discharge angle                    c) 60° discharge angle 
Figure 6.15 Cooling effective zone with different discharge angles 
 
From the above analysis, it can be predicted that the upper limbs and the waist are 
prone to draught complaints. This result is analysed in the following section of this 
chapter together with results on reported thermal sensation.  
 
6.3 Subjective Assessments 
6.3.1 Experimental Method 
6.3.1.1 Experimental Facilities 
Thirty-two (16 male and 16 female) university students who previously participated in 
the parametric study were invited to participate in this study again. They were 
required to engage in sedentary office work throughout the period in the IAQ 
Chamber in NUS. The same layout as in Chapter 5 was set up for the subjective 
assessment study and the cooling loads are listed in Table 6.3.  
fan 





Table 6.3 Cooling loads in the IAQ Chamber (subjective assessments) 
Lighting Computers Occupants Total 
432 W 
(17.7 W/m²) 
2 × 75 W 
(6 W/m²) 




* approximate rate of sensible heat 
 
Room air temperature and RH were measured at locations L1, L2, and L3, with 
HOBO® data loggers at six heights, namely 0.1 m, 0.3 m, 0.6 m, 1.3 m, 1.7 m and 2.5 
m as shown in Figure 6.16 to ensure that the experimental conditions in the subjective 








             
Figure 6.16 Measuring locations (subjective study) 
 
6.3.1.2 Experimental Conditions 
The subjects were requested to be dressed in typical office attire to simulate office 
work environment as they did in the previous studies. They were assigned into groups 
such that everyone attended the same number of experiments of the different 
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conditions. In each group, there was still one male and one female subject in the 
thermal chamber each time. Their seating positions in the chamber were not pre-
determined as subjects were free to choose their seats. 
 
The subjects participated in four experiments: (i) without fans, (ii) fans adjusted at 0° 
from the horizontal plate, (iii) fans adjusted at 30° from the horizontal plate, and (iv) 
fans adjusted at 60° from the horizontal plate. The duration of each experiment was 2 
hours when the fans were employed, and 1.5 hour when no fans were employed. The 
experimental procedure was similar to the subjective study in the parametric study 
(see Chapter 5). The subjects were required to complete a questionnaire at an interval 
of 30 minutes after the start of each session. Thermal comfort was assessed using 
three VA-scales covering thermal sensation, thermal environment and air movement. 
In addition, the subjects were asked to assess the thermal sensation of a total of nine 
body segments. This part of the thermal sensation assessments of the various body 
segments were carried out with the specific purpose to provide data for comparison 
with the results from the manikin-based experiment (Part 1 of this chapter). The 
questionnaires used were similar to those used during the parametric study with some 
minor adaptations to the experimental conditions (see Chapter 4). 
 
All subjects participated in the experiments at the room air temperature of 26 °C. The 
room air temperature was measured at 1.3 m above the floor during the experiments 
to compare with the previous objective study, so that the experiment conditions can be 
kept similar and comparable. During the experiments, the supply airflow rate was kept 
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constant at 60 L/s, and the supply air temperature was kept at 24 °C with a 
temperature fluctuation within ±0.5 °C. In the experiments with fans, according to the 
preliminary study, the HIGH speed mode (12 V) was preferred among the subjects. 
Thus, in this study, the fans were set at HIGH speed. The details of the experiment 
conditions are listed in Table 6.4. 
 
Table 6.4 Experimental conditions for the subjective study 




1 Off - 
24 ± 0.5 
2 High (12 V, 11.9 L/s) 0° 
3 High (12 V, 11.9 L/s) 30° 
4 High (12 V, 11.9 L/s) 60° 
 
 
6.3.2 Subjective Assessment Results 
The thermal sensations for the whole body and 15 body parts voted by the subjects are 
plotted in Figure 6.17. The Mean Thermal Votes (MTVs) from the 32 participants 
were presented as MTV profiles on the 7-point scale. The Percentage Dissatisfied 
(PD), where MTV values were in the range of -3 to -1 (cold – cool) or 1 to 3 (warm – 
hot) was computed. Subsequently, Probit Transformation was used to determine MTV 
values corresponding to 10% and 20% dissatisfied. They were indicated in the MTV 
profile graph in a form of vertical lines. The duration of each experiment with and 
without fans was 2 and 1.5 hours respectively for all cases.  The subjects were 
required to complete a set of questionnaires at an interval of 30 minutes. Similar to the 
previous findings in Chapter 4, the acclimatizing period for each fan position study 
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was within the first one hour, and about 90% of the subjects got acclimatized in the 
first half an hour and did not change their votes of the questionnaire for the remaining 
period of the survey.  Hence, the MTV values plotted in the graph were the average 












Figure 6.17 Mean thermal vote profiles at 26 °C 
 
Figure 6.17 shows that most of the subjects felt comfortable at the ambient room air 
temperature of 26 °C when the fans were adjusted at 0° and 30° to the horizontal 
plane. It was observed that they felt warm at the back for all the conditions.  This was 
















Mean thermal votes 
(-3 cold, -2 cool, -1 slightly cool, 0 neutral, 







serves as insulation. The 0° fan position seems to be the most effective in cooling the 
back as compared to the other positions. However, more than 10% of the subjects 
reported that their upper body too warm when the fans were adjusted at 60° to the 
horizontal plane. This was because when the cool air was discharged from 60°, the 
upper body was not really exposed to the cooling zone formed by the air brought 
upwards by the fans. On contrary, many subjects were dissatisfied at room air 
temperature of 26 °C without fans, and more than 20% of them felt warm at the upper 
bodies. 
 
6.4 Correlation between Manikin Measurements and Subjective Assessments 
The correlation between the manikin measurements and the subjective assessments 
was analysed. A linear regression between the whole body equivalent temperatures 
determined with the three fan angles and without fans in use was correlated with the 
MTVs for the whole body as reported by the subjects at the same four conditions. The 







Figure 6.18 Linear regression between equivalent temperature and Mean Thermal Vote for 
the whole body (-3 cold, -2 cool, -1 slightly cool, 0 neutral, 1 slightly warm, 2 warm, 3 hot) 







The manikin based equivalent temperature correlates reasonably with the MTV. A 
whole body equivalent temperature of approximate 24.42 °C would provide the most 
optimum MTV value, i.e. 0.   
 
The correlation between the local thermal sensation votes as reported by the subjects 
was compared with the segmental equivalent temperature determined with the 
manikin.  Figure 6.17 shows that the upper body of the subjects were more sensitive 
towards the change of fan operations.  At around the arm and waist areas, large MTV 
differences with and without fans were observed. This finding concurs with the 
finding from the manikin-based equivalent temperature results. The subjects were 
more prone to draught and thermal discomfort sensations at their upper bodies when 
the fans were in operation. However, the manikin-based equivalent temperature 
results also identified that the foot and calf areas were subject to thermal discomfort, 
while the subjects reported minor changes between the cases with and without fans. 
This might be due to the fact that the upper bodies were subject to more intensive 
thermal discomfort as compared to the lower bodies; hence the human thermal 
sensations were stronger towards the changes in the upper bodies. 
 
An equation MTV=A·Teq-B was used for future investigation of thermal sensation. The 





Table 6.5 Coefficients for correlation equations between MTV and the Teq 
Body segment A B R2 
Whole body 0.5423 13.244 0.7844 
Head 0.9200 23.277 0.8881 
Back 0.5453 14.468 0.7197 
Chest 0.2534 5.3527 0.2122 
Waist 0.3062 6.4899 0.5826 
Right arm 0.1832 3.7057 0.5869 
Left arm 0.1831 3.7161 0.5997 
Right hand 0.2392 5.0049 0.5666 
Left hand 0.1810 3.6433 0.5758 
Right tight 0.1110 2.2516 0.5081 
Left tight 0.0572 0.7911 0.5875 
Right calf 0.1500 3.1425 0.1156 
Left calf 0.3059 7.0035 0.8521 
Right foot 0.0380 0.3086 0.8224 
Left foot 0.0497 0.5957 0.4405 
 
The linear regression of each body segment was plotted (included in Appendix H). 
However, it was found that the regressions between the equivalent temperatures and 
the MTVs for the chest and right calf segments did not fit quite well as compared to 
the other body segments. One of the reasons can be that the linear regression lines of 
the right calf and chest segments were affected by some biased data given by the 
subjects. The low R2 values could be attributed to the low point scores feedback 
during the questionnaire survey. The regression between the equivalent temperatures 
and the MTVs for the head fit the best among all the body parts.  
 
6.5 Conclusions 
The vertical temperature profiles around the thermal manikin measured at different air 
discharge angles of the fans were found to be consistent and not influenced by the 
varying position of the fans.  
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The whole-body manikin-based equivalent temperature did not change significantly 
with the changes in the discharge angles of the fans. However, it changed 
significantly between cases with and without fans. The equivalent temperature was 
increased by about 1 – 2°C as the room air temperature increased by 2 °C.  
 
The forearm, the upper arm, the hands and the pelvis segments of the manikin were 
the most cooled body segments when the fans were used. Generally, the fan at 30° 
from the horizontal plane provided the best cooling effect on the occupant’s body 
(compared to fans positioned at 0° and 30°).  It implied that the local heat loss from 
manikin’s body to the surrounding was the highest at 30° position.  
 
Most of the subjects were satisfied with the thermal conditions at fan position of 0° 
and 30°, while subjects reported warm when fans were off or adjusted at 60°.  
 
Relationships between the equivalent temperature and the thermal sensation for the 








CHAPTER 7      CONTAMINANT TRANSMISSION 
- THE FINAL STUDY 
 
7.1 Introduction 
In this chapter, the contaminant distribution in a room served by the enhanced DV 
system at three air discharge angles of the flow from the fans were examined in terms 
of the vertical distribution of local contaminant around the occupants, the contaminant 
transportation between two occupants and distribution with and without the fans 
within the room, and the impact of the seating arrangement on the contaminant 
transportation.  
 
7.2 Experimental Method 
7.2.1 Experimental Design 
The experiments were carried out in the Climate Chamber nr. 7 at DTU. The chamber 
was described in details in Chapter 4. Three experimental set-ups were carried out in 
the chamber as shown in Figures 7.1 – 7.3.  The first two set-ups had two thermal 



































Figure 7.3 Set-up Three: Polluting Manikin (PM) and Exposed Manikin (EM) facing each 
other 
 
One of the thermal manikins used in the study with 16 body segments was served as a 
polluting manikin (PM), and the other one with 23 body segments as an exposed 
manikin (EM). The manikins were seated on chairs. One chair without fans and one 
with fans (as described in details in Chapter 4) were swapped between the two 
manikins according to different experimental conditions. The manikins were dressed 
in clothing with thermal insulation of about 0.50 clo, including chair insulation (see 
details in Chapter 4). The manikins’ surface temperature was maintained to be close 
to the skin temperature of an average person in the state of thermal comfort. The 
manikins were described in details in Chapter 4. 
 
The impact of the airflow generated by the fans attached to the chair on the vertical 
distribution of contaminant and the transmission between the two manikins were 
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studied by means of tracer gases. The exhaled air from the breathing PM was marked 
by a tracer gas, Freon (location D-1, Figures 7.1, 7.2 and 7.3) while another tracer gas, 
CO2, was injected on a table in front of the PM to serve as a passive contaminant 
source (location D-2 Figures 7.1, 7.2 and 7.3). The concentration of tracer gas near 
the exposed manikin (EM) and the polluting manikin (PM), was measured at locations 
M-a and M-b respectively. The ambient concentration of tracer gas in the chamber 
was measured at locations M-c and M-d at 0.6 m, 0.9 m, 1.1 m, 1.4 m, 1.7 m and 2.0 
m heights under steady-state condition. The concentration of tracer gas was also 
measured at the supply unit (location M-1), the mouth of the EM (location M-2) and 
the exhaust unit (location M-3).  
 
7.2.2 Experimental Conditions 
Two identical workstations were placed in the climate chamber as shown in Figure 
6.1. Each workstation consisted of a desk, a thermal manikin simulating an occupant 
(75 W), a desk lamp (55 W), a personal computer with a monitor (143 W), and an 
office chair. Six fluorescent light fixtures were evenly distributed over the ceiling (36 
W in total). The office area, 12.7 m2 per occupant, was close to the area of 14.3 m2 
recommended in the standards and guidelines (CEN 1752, 1998). The heat load in the 
chamber was kept constant. The chamber, including the light fixtures and the door, 
was carefully sealed prior to the experiment. 
 
During the experiments, the supply airflow rate from the DV was kept constant at 60 
L/s. The supply air temperature was set at 24 °C with a temperature fluctuation within 
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±0.5 °C in order to achieve the required room air temperature of 26 °C. The room air 
temperature was controlled at 1.3 m above the floor.  
 
The four fans switched to HIGH mode with 12 V electricity supply could deliver 
about 11.9 L/s of air. The discharge angle of the flow from the fans was varied 
between 0°, 30°, and 60° from the horizontal plane as mentioned in Chapter 6. 
 
A detailed description of the experiment conditions of the study are shown in Table 
7.1. 
 
Table 7.1 Experiment cases 
Set-up Case Air flow rate of a fan [voltage] 
Operation of 
fans Fan angle 
1 
1 0 L/s [0V] All fans off - 
2 
11.9 L/s [12V] 





EM with fans 
0° 
 6 30° 7 60° 
2 
8 0 L/s [0V] All fans off - 
9 
11.9 L/s [12V] 










15 0 L/s [0V] All fans off - 
16 
11.9 L/s [12V] 












The breathing mode was switched on for the PM, while the EM was not breathing 
during the experiments. The breathing cycle for the PM consisted of 2.5 s inhalation, 
2.5 s exhalation and 1 s pause. The breathing frequency was 10 per minute and the 
pulmonary ventilation was 6 L/min.  
 
The breathing openings of the manikin were shaped to best represent a real person. 
There were two openings in the nose and one opening in the mouth. Provided the 
manikin sat in an upright position, the two jets emerging from the nose were inclined 
45° from the horizontal plane, and 30° from each other. Each of the nostrils had a 
diameter of 8 mm. The oval-shaped mouth distributes the exhaled air horizontally. 
The width and the height of the mouth opening were 25 mm and 5 mm respectively. 
The heated air from the artificial lung system was exhaled through the nose and room 
ambient air inhaled through the mouth, so that a shortcut of exhaled air containing a 
tracer gas to the inhaled air could be avoided.  The tracer gas, Freon, was directly 
dozed into the manikin’s lung system and was exhaled into the chamber to simulate 
the breathing procedure of a real person. 
 
The dosing set-up consisted of a gas cylinder, 2-step reduction valve, and a glass tube 
flow meter as shown in Figure 7.4. The flow meter was used to monitor the flow 















Figure 7.4 Tracer gas dosing set-up: cylinder and valve (left) and flow meters (right) 
 
The flow rate was determined from a mass balance of the tracer gas, i.e. supply rate of 
outdoor air multiplied by the concentration difference between the exhaust and the 
supply. A summary of the contaminant sources is listed in Table 7.2. 
 
Table 7.2 Summary of the contaminant sources 








contaminant Freon 36.83 0.36 0.05 6.0 
Ambient passive 
contaminant source CO2 1.83 16.2 430 700 
* at 20°C and 101325Pa; ** at 60 L/s 
 
 
A gas monitor based on a photo-acoustic infrared detection method was used to 
measure tracer gas concentration. The tracer gas dosing started in the morning before 
the experiments and took approximate three hours to reach steady-state condition. The 
samples in each sequence were analysed one after another in a loop. The time 
required to analyse a sequence of six channels was about 10 minutes, i.e. the 
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concentration readings from a given location were able to record at a 10-minute 
interval. Each location was sampled at least 10 times to make reliable statistical 
analyses. It would be ideal to measure simultaneously the gas concentrations in all the 
sampling locations. However, the sampling had to be split into several sequences due 
to the limited number of available channels for the gas analyzer. The concentrations at 
the supply and return grilles as well as the breathing area of the EM were measured 
for most of the time, i.e. the first four sequences. Only the concentration 
measurements at different locations in the chamber were logged in different 
sequences. The sequence of measurement is shown in Table 7.3. 
 
Table 7.3 Sequence of measurement during the experiments 
Channels Seq. 1 Seq. 2 Seq. 3 Seq. 4 Seq. 5 Seq. 6 




















area of EM 
(M-2) 
Breathing 
area of EM 
(M-2) 
Breathing 
area of EM 
(M-2) 
Breathing 
area of EM 
(M-2) 
M-c-1.1m M-d-1.1m 
4 M-a-0.6m M-a-1.4m M-b-0.6m M-b-1.4m M-c-1.4m M-d-1.4m 
5 M-a-0.9m M-a-1.7m M-b-0.9m M-b-1.7m M-c-1.7m M-d-1.7m 
6 M-a-1.1m M-a-2.0m M-b-1.1m M-b-2.0m M-c-2.0m M-d-2.0m 
 
 
The dosing system was shut down at the end of the experiment. However, all the heat 
sources in the chamber including the thermal manikins remained in operation 
throughout the nights to maintain the thermal environment in the chamber. 
 
The concentration of contaminants is expressed in term of normalized concentration, 
c(-) as follows: 
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 c - Concentration of contaminant in a point, [ppm]; 
cs - Concentration of contaminant in the supply air, [ppm]; and 
cE - Concentration of contaminant in the exhaust air, [ppm]. 
 
The normalized concentration is equal to 1 if there is complete mixing of air and 
contaminants. If the air quality is better than in the exhaust, the normalized 
concentration is lower than 1 and vice versa. The supply air has a normalized 
concentration of 0. The uncertainty of the mean with a level of confidence of 95% 
was calculated based on repeated observations. The uncertainty is presented by means 
of error bars. 
 
7.3 Results 
7.3.1 Aspiratory Contaminant Transmission between Occupants 
Figures 7.5 to 7.7 present the concentration of air exhaled by the PM in the air inhaled 
by the EM (location M-2) in three set-ups under the following conditions: (1) fans at 
the chairs of the PM and the EM were switched off, (2) fans at the chair of the PM 
switched on (enhances DV)  and fans of the chair of the EM were switched off, and (3) 
fans of the chair of the EM were switched on (enhances DV) while the fans of the 









concentrations obtained from 10 repeated measurements using the tracer-gas constant-








Figure 7.5 Dimensionless concentration of the contaminant exhaled from PM in the air 










Figure 7.6 Dimensionless concentration of the contaminant exhaled from PM in the air 










Without fans 0 deg 30 deg 60 deg 
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0 deg 30 deg 60 deg 
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Figure 7.7 Dimensionless concentration of the contaminant exhaled from PM in the air 
inhaled by EM in Set-up Three, i.e. PM and EM facing each other 
 
The results showed that when the enhanced DV system was not used, i.e. the fans 
were switched off, the exhaled contaminant concentration in the air inhaled by the EM 
was low, i.e. less air exhaled by the PM was transported to the EM. This was due to 
the fact that the free convection flow around the EM was able to transport the clean 
displacement air from the lower levels upward to the breathing area. Furthermore, the 
polluted air exhaled by the PM was moved upward by the free convection flow 
around its body. 
 
The exposure of the EM to the exhaled air of the PM was increased when either the 










Without fans 0 deg 30 deg 60 deg 
PM with fans 
0 deg 30 deg 60 deg 
EM with fans  
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caused mixing of the exhaled air with the room air, which increased the contaminant 
concentration in the room air inhaled by the EM.  
 
As compared to the reference case when neither manikin used the fans, in Set-up One 
where the PM was in front of the EM, the exposure of the EM to the air exhaled by 
the PM increased by approximately 35% when the fans at the chair of the PM were 
switched on, and approximately by 200% when the fans of the chair of the EM were 
switched on. In Set-up Two where the PM was behind the EM, the increase was 67% 
and 162% respectively, and 225%, 175% in Set-up Three where the PM and EM were 
facing each other. This implied that the EM was more prone to polluted air 
transported from the PM when EM used the enhanced DV system with both manikins 
facing the same direction. This might be because when EM used the fans, the local 
mixing caused by the fans might help to entrain more polluted air from the 
surrounding, and it was brought upward by the convective flow to the breathing zone 
of the EM.  However in the scenario with two manikins facing each other as shown in 
Figure 7.7, the momentum of the exhaled air from the PM led to the EM exposed to 
only about 9% higher contaminant concentration level in the inhaled air when the PM 
used the enhanced displacement system as compared when  the EM used it. This 
might be due to the fact that the distance between the two manikins was too close that 
there could be some direct transportation of contaminant from the PM to the EM, 





Figures 7.5 to 7.7 shows that the angle of the fans did not have significant effect on 
the inhaled air quality of the EM as the mixing caused by the fans at different angles 
and its impact on the exposure of the EM was the same.  
 
7.3.2 Aspiratory Contaminant Vertical Distribution within the Room 
Figures 7.8 to 7.11 present the profiles of the aspiratory contaminant concentration 
from the PM in Set-up One measured at the ambient location, M-d, which was close 
to the contaminant source; the location, M-a, close to the EM; the location, M-b, close 
to the PM; and the ambient location, M-c, at six different heights, namely 0.6 m, 0.9 








Figure 7.8 Dimensionless concentration profiles of exhaled air measured at location M-d in 
























Figure 7.9 Dimensionless concentration profiles of exhaled air measured at location M-a in 











Figure 7.10 Dimensionless concentration profiles of exhaled air measured at location M-b in 




































Figure 7.11 Dimensionless concentration profiles of exhaled air measured at location M-c in 
Set-up One, i.e. PM in front of EM 
 
In Set-up One where the PM was in front of the EM, when only conventional DV 
system was used, a typical displacement airflow pattern was observed at the location 
M-d, which was close to the pollution source, i.e. the PM (Figure 7.8).  The maximum 
concentration of the tracer gas occurred at about 1.4 m above the floor. This was due 
to the convection airflow of the PM which carried the contaminants and diluted over 
the stratification height. However, further away from the source PM at location M-a, 
as shown in Figure 7.9, the profiles were almost constant over the stratification height. 
This could be due to the fact that the measuring location M-a was close to the EM, in 
















The use of the fans caused mixing and decreased the contaminant’s stratification in 
the room. In Sep-up One where the PM was in front of the EM, the mixing was less 
when fans of the chair of PM were switched on. The airflow generated by the fans 
assisted free convection around the PM body and strengthened the convection flow. 
Thus the exhaled air was transported upwards and some of it was extracted by the 
exhaust unit placed almost above the PM. Nevertheless a layer of clean air was 
maintained above the floor. The free convection flow transported this air upward to 
the breathing zone of the EM. The use of the fans of the chair at the EM increased the 
mixing of the air exhaled by the PM with the room air. Hence, the contaminant’s 
stratification at location M-d almost disappeared as shown in Figure 7.8. The 
contaminant’s concentration at location M-a, which was near the EM, increased close 
to the concentration at location M-b (Figure 7.9). The interaction of airflow when the 
fans of the chair at the PM were switched on was different from the interaction of 
airflow when the fans of the chair at the PM were switched on. This explained for the 
difference in tracer-gas concentration measured at these two cases as shown 
previously.  
 
Figure 7.10 shows the aspiratory contaminant’s profiles measured next to PM at 
location M-b. A typical displacement airflow pattern was observed. For all the cases 
with or without the enhanced displacement system, at 1.1 m and below, the 
contaminant’s concentration remained very low due to the clean air supplied from the 
DV diffuser. Above 1.1 m from the floor, the mixing of the clean air with the exhaled 
air from the PM led to an increase of the concentration of contaminant after the fans 
were switched on. However, the profiles of the contaminant were still able to have 
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typical displacement airflow patterns which reconfirmed the statement made 
previously that the mixing did not overcome the convection airflow and the clean air 
from the floor level was still able to be brought upwards by the convection airflow. 
 
In Figure 7.11, it shows the ambient aspiratory contaminant’s profiles in the seven 
cases measured at the location M-c which was relatively far away from the 
contaminant source PM in the room. The profiles were quite stable regardless of the 
use of the fans. This implied that the contaminant was mostly brought upwards above 
the stratification  level either by the thermal plumes of the PM or the EM, and the 
mixing caused by the fans was not significant and restricted to the part of the 
occupied zone close to the two breathing thermal manikins.   
 
Figures 7.8 to 7.11 also show that the change of the fan’s discharge angles did not 
affect the concentration profiles at the 4 measuring locations, and this concurred with 
the findings as shown in Figures 7.5 to 7.7 with regards to impact of the discharge 
angle on the inhaled air quality of the EM. No matter at which angle the air was 
discharged from the fans, it would cause a mixing with the room air. Thus, the angle 
effect could be ignored for contaminant distribution and the cross contamination 
between occupants.  
 
Figures 7.12 to 7.15 present the profiles of the aspiratory contaminant concentration 
from the PM in Set-up Two (the PM behind the EM) and Set-up Three (the PM and 
the EM facing each other) respectively, measured at the ambient location M-d, which 
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was close to the contaminant source, and the location around the EM, M-a, at six 
different heights, namely 0.6 m, 0.9 m, 1.1 m, 1.4 m, 1.7 m, and 2 m at three different 
fan discharge angles.  The profiles measured at the location close to the PM, M-b, and 
the ambient location M-c were stable and similar to those obtained in Set-up One 







Figure 7.12 Dimensionless concentration profiles of exhaled air measured at location M-d in 








Figure 7.13 Dimensionless concentration profiles of exhaled air measured at location M-a in 



































Figure 7.14 Dimensionless concentration profiles of exhaled air measured at location M-d in 









Figure 7.15 Dimensionless concentration profiles of exhaled air measured at location M-a in 




























It was observed that the layout arrangement affected the contaminant distribution 
profiles, and in turns affected the air quality of the inhaled air for the EM. The best 
scenario for the inhaled air quality of the EM was Set-up One where the PM was in 
front of the EM and the PM used the fans, while the worst scenario happened when 
the PM using the fans in Set-up Three where the PM and the EM faced each other.  
 
In Set-up Two where the PM was behind the EM as shown in Figures 7.6, 7.12 and 
7.13, when the PM used the enhanced DV system, the measured concentration of 
contaminant was higher than that in Set-up One where the PM was in front of the EM. 
However, when the fans at the chair of the EM were used, the concentration was 
lower than that in Set-up One. This could be due to the air exhaled from the PM with 
momentum, and in Set-up Two the EM was in the downstream of the PM’s exhaled 
air. Hence, the chances of exposure to the aspiratory contaminant from the PM were 
higher for the EM as compared to that in Sep-up One. 
 
In Set-up Three where the PM and the EM were facing each other as shown in Figures 
7.7, 7.14 and 7.15, the measured ambient concentrations at locations M-a and M-d 
were almost the same regardless whether the EM or the PM used the enhanced DV 
system. The concentration of contaminant in the inhaled air of the EM when the PM 
used the enhanced displacement system was higher by about 9% than that when the 
EM used the fans. This could be because when the fans on the chair of the EM were 
used, the clean air from the lower level was brought upwards to help to dilute the 
polluted air in the downstream of the PM’s exhaled air.  
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7.3.3 Impact of Difference Layout Arrangements on the Passive Contaminant 
Transmission 
The concentration of the air inhaled by the EM (location M-2), when the passive 
contaminant was placed on the table in front of the PM, in the three different set-ups 







Figure 7.16 Dimensionless concentration of the ambient passive contaminant in front of PM 








Figure 7.17 Dimensionless concentration of the ambient passive contaminant in front of PM 










Without fans 0 deg 30 deg 60 deg 
PM with fans 
0 deg 30 deg 60 deg 










Without fans 0 deg 30 deg 60 deg 
PM with fans 
0 deg 30 deg 60 deg 











Figure 7.18 Dimensionless concentration of the ambient passive contaminant in front of PM 
in the air inhaled by EM in Set-up Three, i.e. PM and EM facing each other 
 
Figures 7.16 to 7.18 show that when the fans were not used, the passive contaminant 
concentrations, simulated by CO2, were very low (approximately 0.1) in the inhaled 
air by the EM. This was because the contaminant was brought upwards by the 
convection flow of the office equipment on the table, and was already extracted by the 
exhaust grille above the table. The use of the fans caused more mixing of the passive 
contaminant with the ambient air, and therefore higher concentration in the inhaled air 
of the EM. In all the three layouts, the concentrations were higher when the fans on 
the chair of the EM were used than when the fans on the chair of the PM were used. 
This was because the mixing around the EM had more direct effects on the inhaled air 











Without fans 0 deg 30 deg 60 deg 
PM with fans 
0 deg 30 deg 60 deg 
EM with fans 
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Similar to the aspiratory contaminant profiles, it was also observed that the layout 
arrangement affected the passive contaminant transmission and the air quality of the 
inhaled air for the EM. The best scenario for the inhaled air quality of the EM was 
Set-up One where the PM was in front of the EM and the PM used the fans, while the 
worst scenario happened when the EM used the fans in Set-up Three where the PM 
and the EM were facing each other. This could be due to the different distance of the 
passive contaminant source to the EM’s breathing area. The furthest was in Set-up 
One, and the nearest was in Set-up Three. The nearer the distance has higher 
concentration in this case. 
 
The above three graphs also show that the different discharge angles of the fans did 
not affect the inhaled air quality of the EM. This could be due to the fact that the 
amount of air brought upwards by the fans and the mixing caused subsequently 
remained the same regardless of the positions of the fans. 
 
7.4 Conclusions 
DV system excels other conventional air-conditioning systems in providing clean air 
to the breathing zone of occupants.  The possibility to enhance the performance of DV 
by moving cooler air from near the floor upward around human body via four fans 
mounted at each corner of a chair was examined with regards to transport of 
contaminants. The enhanced DV system was expected to remain good inhaled air 
quality to the occupants, while the primary goal of this novel system was meant to 
improve occupants’ thermal comfort level as studied in the previous chapters. 
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However, the findings implied that the transportation of exhaled air (can carry viruses) 
between occupants increased when the fans were used. No difference was observed in 
the case when the fans discharged the flow vertically upward or at angle of 30° or 60° 
against the body. The use of the fans caused mixing of the exhaled air with the room 
air. The mixing was affected by the interaction of the flow generated by the fans with 
the free convection flow around the manikin’s body.  
 
The different arrangements of the layout of the chair with the attached fans also had 
an important effect on the contaminant transportation.  The results showed that in the 
Set-up One of the study, with the EM seated behind the PM and both of them facing 
the same direction, the recorded contaminant concentrations were the lowest among 
the three layout settings, and in Set-up Three, with two manikins facing each other, 
recorded the highest concentrations. Thus, Set-up One is recommended for an office 
setting. 
 
The above-mentioned conclusions imply that when both occupants use the fans, the 
contaminant transportation could be minimized when two of them facing the same 
direction.  When an occupant in the room is sick, it is not recommended for the 
exposed occupant to use the enhanced DV system, since there might be higher 
chances for the exposed user to get infected due to the mixing caused by the fans with 





CHAPTER 8      ENERGY SAVING POTENTIAL 
 
Results have shown that the enhanced DV system can improve the acceptability of 
thermal comfort, while the inhaled air quality of the occupants is compromised due to 
the mixing of the clean convection flow with the contaminated surrounding air by the 
fans. Detail energy performance analysis of the system was not in the focus of this 
research. Nevertheless, simple calculations were performed in this chapter to evaluate 
the energy saving potential of the novel enhanced DV system.  
 
8.1 Estimate of Energy Saving 
For the three different tested ambient air temperatures, namely 22 °C, 24 °C and 
26 °C, the most satisfied fan speeds for the enhanced DV system are obtained in 
Chapter 5 and they are re-tabulated in Table 8.1. The most satisfied fan speed is 
defined as the fan speed level which is associated with the lowest dissatisfied votes. In 
compliance with ISO 7730 (2005), the acceptable range should satisfy at least 80% of 
all the subjects. 
 








22 OFF (0.0 m/s) 11% 
24 MEDIUM (1.21 m/s) 26% 




From the above table, it shows that the number of the overall percentage dissatisfied 
subjects (11%) when the fans were off at ambient air temperature of 22 °C was close 
to the one of the overall percentage dissatisfied subjects (15%) when the fans were 
operated at HIGH mode at ambient air temperature of 26 °C. These two cases were 
chosen to demonstrate the energy saving potential.  Hence, the energy saving can be 
achieved on account of the following consideration: a warmer space temperature, 
26 °C, accompanied by the enhanced DV system, implies that the space cooling load 
is reduced in comparison with a conventional DV system in which the space is 
maintained at 22 °C with a similar thermal acceptability of the microclimate close to 
occupants. 
 
A conventional coil selection program MultiTherm® is used to indicate the potential 
energy saving, while full energy simulation is not performed since this is not the main 
focus of the thesis. It aims to estimate the cooling capacity of the air-conditioning 
systems evaluated based on 8 hours working time on a design day. The outdoor air 
temperature is set at 33 °C with RH of 70%. The cooling load for the simulated space 
is 600 W. 
 
Case A: Conventional DV system without enhancement fans, and fresh air provision 
of 7 L/s per person. A typical space temperature of 22 °C is maintained. Two 
occupants are simulated in a space measuring 4.7 × 5.4 × 2.7 m3 (W × L × H). 
Case B: DV system employing a fresh air provision of  7 L/s per person, associated 
with four enhancement fans operating at HIGH velocity mode (1.87 m/s) which is 
189 
 
required to serve a space with reduced cooling loads due to the space temperature 
being maintained warmer at 26 °C. Two occupants are simulated in a space measuring 
4.7 × 5.4 × 2.7 m3 (W × L × H). 
 
Table 8.2 presents the key psychrometric parameters that are relevant to cooling coil 
performance such as the entering air (Air-ON) and leaving air (Air-OFF) conditions, 
volumetric flow rate of air, coil face velocity, air-side pressure drop across the coil 
and the duty of the coil (total cooling capacity). In the comparative analysis, the state 
points (room conditions, entering and leaving conditions of air) are obtained 
psychrometrically based on the corresponding cooling loads for the two cases, a 
viable cooling coil is selected using the standard coil selection program. The energy 
saving of the novel enhanced DV system (Case B) is about 19% when compared with 
the conventional DV system (Case A).  
 
Table 8.2 Analysis of energy saving potential 
Psychrometric parameters Case A Case B 
Air-ON coil: DBT (°C) 23.9 26 
Air-ON coil: WBT (°C) 20.1 19.7 
Air-OFF coil: DBT (°C) 12.8 14.8 
Air-OFF coil: WBT (°C) 12.6 13.9 
Air volume (L/s) 60 60 
Face velocity (m/s) 2 1.79 
Air pressure drop (Pa) 108 104 
Coil Capacity (kW) 5.9 4.8 
% energy saving* 19% 





The energy consumption calculation executed above was only based on the 
experimental conditions in this thesis. However, in reality, the occupancy within a 
space always varies throughout a day. In order to quantify the variation of the 
occupancy, the occupant density index is used. In the above energy simulation, the 
simulated office area, 12.7 m2 per occupant, was close to the area of 14.3 m2 
recommended in the standards and guidelines (CEN 1752, 1998). The following 
section will be discussing three scenarios: 1) A scenario with occupant density above 
the recommended standard of 14.3 m2 per occupant; 2) A scenario with occupant 
density below the recommended standard; and 3) A scenario with occupancy sensors 
for the fans. 
 
Scenario 1:  Above the Recommended Occupant density 
When the occupancy level is above the recommended 14.3 m2 per occupant, it means 
that the occupied area is less dense. Hence, the required cooling load would be less 
than the simulated scenario. This implies that the potential energy saving would be 
less significant as compared to the simulated case, i.e. less than 19%, provided that 
the ambient room air temperature could be increased from 22 °C to 26 °C with similar 
thermal dissatisfied  percentage among the occupants. 
 
Scenario 2: Below the Recommended Occupant density 
An occupancy level below the recommended 14.3 m2 per occupant means that the 
occupied area is denser. Hence, the required cooling load would be more than the 
191 
 
simulated scenario. The energy consumption by the air-conditioning system would be 
subsequently higher. This leads to greater energy-saving potential if the ambient room 
air temperature could be also increased from 22 °C to 26 °C with similar thermal 
dissatisfied percentage among the occupants.  
 
This predication has been also verified by Sekhar (1995) and Tham and Ullah (1993). 
They found that space-cooling loads for a typical office building in Singapore can be 
reduced by up to 20% when space temperature was raised from 23.5 ºC to 26 ºC. In a 
hybrid system involving a secondary personalized ventilation system and an 
independent primary air-conditioning system, space-cooling load reduction of up to 
20%  are easily achievable by comparing space temperatures of 23 ºC and 26 ºC. 
 
Scenario 3: With occupancy sensor for the fans 
Further energy saving could be secured if the fans are equipped with occupancy 
sensors.  This enables the fans to be switched on or off automatically when the chair 
is occupied or unoccupied, provided that the ambient room air temperature could be 
increased from 22 °C to 26 °C with similar thermal dissatisfied percentage among the 
occupants. However, the energy saved might be insignificant given the low energy 







CHAPTER 9      DISCUSSION 
 
9.1 Verification of Hypotheses 
Congruence to the findings in this study, the hypotheses stated in Chapter 3 are 
verified as follows.  
 
First Hypothesis 
The enhanced DV system increases the heat loss from occupants’ bodies and 
improves their thermal comfort at high room air temperature.  
 
The hypothesis is accepted by the following findings from the study. The temperature 
measurements showed a decrease in temperature at 0.6 m height and above after the 
fans were switched on. The manikin-based equivalent temperatures also showed that 
the heat loss of the upper body of the thermal manikin increased with the fans in 
operation. The thermal comfort level reported by the human subjects was improved 
greatly at room air temperature of 26 °C with fans while at lower temperatures of 
22 °C and 24 °C, the improvement in thermal comfort was less visible.  
 
Second Hypothesis  
The effective cooling of the body by the enhanced airflow enables the room air 
temperature to be higher and therefore achieve energy saving without affecting 
occupants’ comfort.  
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It was found that the convection cooling provided by the fans helped the subjects to 
sustain equivalently good thermal acceptability at room air temperature of 26 °C as 
compared to room air temperature of 22 °C without fans. This indicated an energy-
saving potential by approximately 19%. Hence the hypothesis is accepted. 
 
Third Hypothesis  
The enhanced DV system’s capability of individual control over fan speed and 
direction of the discharged airflow is essential for occupants’ thermal comfort.  
 
The study had tested three different fan speeds and three different fan discharge 
angles. It revealed that the thermal comfort was affected by the fan speeds and 
discharge angles. Optimum fan speeds and discharge angles were recommended for 
different ambient room air temperatures based on the current experimental settings. 
As a result, the 3rd hypothesis is also accepted. 
 
Fourth Hypothesis 
The mixing of the clean air brought up from the floor level together with the 
surrounding polluted air by the fans is localised to the area around the occupants and 
does not affect cross contamination in the room.  
 
As the findings implied, the use of fans caused mixing of the clean air from the lower 
level of the room with the contaminated air, hence, it did not only increased the 
concentration level of the contaminant at the breathing area, but also elevated the 
concentration level in the room. The results further revealed that the breathing area 
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was less affected due to the convection flow around occupants which might be still 
able to bring clean air upward. Thus, this hypothesis is rejected. 
 
9.2 Limitations 
This study is a laboratory-based experimental research with pre-determined 
conditions and assumptions. These control factors for the experiments represent the 
real scenarios to some extent; however, in review of the novel enhanced DV system 
experiments, the following limitations are derived. 
 
Firstly, the four fans adopted in the newly-developed enhanced DV system were fixed 
to the corners of the chair. This led to the difficulty in adjusting the sitting postures of 
subjects and a less flexible personal control. Consequently, the subjects had to 
maintain a standard sitting position throughout the experiment as to ensure that they 
experienced the upward airflow from the fans. This might lead to chronic back 
problems in long term. A possible solution is to operate the fans periodically 
according to the user’s preference so that the user can adjust his/her sitting posture in 
between. 
 
Secondly, the fans were fixed at 0 V, 4 V, 8 V and 12 V only. This might limit the 
subjects’ preference in choosing their ideal speed. For example, 6 V might be desired 
but subjects were unable to select this specific voltage. Changes can be made to 
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enable users to regulate the speed by having the fan supply voltage continuously from 
0 V to 12 V.  
 
The maximum powers of the large and small fans employed in this study were close 
to each other. Given such close powers, it may not be the optimal comparison for the 
various chosen fan speeds in the preliminary study. The differences in temperature, 
velocity and turbulence in the comparison study between the large and small fans in 
Chapter 4 were not very significant. 
 
Interactions among human and environments are always known to be complicated 
whereby it is not possible to take into consideration all influential parameters. In this 
study, the subjects were all undergraduate students with an average age of 22 years 
old. However, in the real situation, occupants in an office may have a wider range of 
age and different preferences in use of the novel enhanced DV system. 
 
9.3 Practical Implications of the Study 
Singapore has unveiled its first zero energy building demonstration project in October 
2009 at the Building and Construction Authority Academy. By showcasing the DV 
technology in the demonstration building, it is encouraged for the local industry to 
adopt DV as a sustainable ventilation strategy. Singapore might see a booming of the 
DV system in the near future.  Being a financial hub in the Southeast Asia with a 
growing number of commercial buildings in a densely populated country, small 
spaces with low ceiling height could be a big potential market for the DV system in 
Singapore. However, the literature review of the research performed shows there are 
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still some factors limiting the performance of DV system when it comes to the 
application in small spaces with low ceiling height and low cooling load. 
 
The novel enhanced DV system is developed to overcome problems inherited in the 
conventional DV system when applied in a space like an office. The office users’ 
thermal comfort level could be still maintained at acceptable level with the help of the 
fans while the ambient temperature could be increased up to 26 °C, which could give 
a substantial energy saving for air-conditioning systems. However, it is not 
recommended to use the enhanced DV system in case there is an epidemic disease 
outbreak in office such as the recent swine Influenza A (H1N1). Results showed that 
the use of the enhanced DV system would elevate the contaminant level in the air 
conditioned rooms due to the mixing caused by the fans.  
 
In addition, the concept of “ductless” individual and local control of the enhanced DV 
system gives flexibility for changes of office layouts. This advantage overcomes the 
other individually-microclimate-controlled secondary air-conditioning system 









CHAPTER 10      CONCLUSIONS AND RECOMMENDATIONS 
 
This research has evaluated the performance of a novel enhanced DV system in 
mock-up offices with low heat loads and low ceiling heights. The specific objectives 
of this research were: to determine the cooling effect of the enhanced DV system and its 
impact on the airflow around human body; to assess occupants’ thermal comfort; to 
investigate the implication of personal usage pattern of the enhanced DV system; and to 
study contaminant distribution within the occupied zone and between occupants. Several 
objectives were outlined in Chapter 3. The findings are summarised in this chapter. 
 
10.1 Conclusions 
First Objective  
To determine the cooling effect of the enhanced DV system and its impact on the 
airflow around a human body 
 
1. The results of an increase in the vertical temperature gradient around a thermal 
manikin which was used to resemble a human body indicated that the convection 
cooling around the thermal manikin could be enhanced with the fans by bringing the 
cooler air from lower height in the room upward. This would be beneficial when the 
room air temperature was kept at high level.  
2. The manikin-based equivalent temperatures also showed that the heat loss was 
increased with the fans. 
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Second Objective  
To assess occupants’ thermal comfort with the enhanced DV system 
 
3. In the IAQ Chamber served by the enhanced DV system, the subjects felt cooler at 
the waists at the room air temperatures of 22 °C and 24 °C when the fans were in 
operation. However at 26 °C, up to 85% of the subjects preferred higher air 
movement and were satisfied with the cooling provided by the fans in operation. 
During the subjective study, the subjects were provided with control of the fans in 
terms of the speeds and airflow discharge angles.  
4. The Whole Body Thermal Sensation (WBTS) of the subjects was correlated with 
the Local Thermal Sensation (LTS) at the waist, the arms, the calf and the feet when 
the novel DV system was employed. An expression which allows to predict WBTS 
based on the LTS was developed as follows: 
 
0.391 0.406 0.321 0.219 0.106calf waist foot armWBTS LTS LTS LTS LTS= + × + × + × + ×  
Adjusted R2=0.946                                                                                                     
 
5. It was found that the thermal discomfort caused by the high ambient temperature 
could be offset by the use of fans. The thermal comfort could be improved greatly at 
high room air temperature because the subjects were able to adjust the fan speed 






Third Objective  
To determine the implications of personal control of the enhanced DV system on 
draught risk and thermal sensation improvement 
 
6. At the ambient room air temperatures of 22 °C and 24 °C, the low fan speed was 
preferred due to the draught sensation, while at the room air temperature of 26 °C the 
high fan speed was employed by the subjects without draught complaints. 
7. At ambient room air temperature of 26 °C, the subjects intended to increase the 
local air movement to improve their thermal comfort level. 
8. The personal control helped the subjects to improve their thermal comfort, 
especially at room air temperature of 26 °C. 
9. The personal control usually was exercised mainly during the first one hour of the 
experiment and the preferred fan speed varied according to the ambient room air 
temperature.  
10. Given the ability to control the airflow discharge angles from the fans, the subjects 
voted the most comfortable thermal sensation when the fans were adjusted at 30° to 
the horizontal plane towards the user. 
11. It was observed that the female subjects adjusted the fan speed more often than the 
male subjects, except at room air temperature of 26 °C. This might be because female 
subjects were generally more sensitive towards air movement than male subjects, and 






Fourth Objective  
To assess the impact of the novel enhanced DV system on the contaminant 
distribution around users and in a room  
 
12. The occupants simulated by breathing thermal manikins were exposed to higher 
gaseous concentration of contaminant when the enhanced DV system was in 
operation as compared to the conventional DV system due to the mixing of the clean 
air at the lower level of the room with contaminants from polluted sources caused by 
the fans. 
13. The transportation of exhaled air between two occupants also increased when the 
enhanced DV system was used because of the enhanced mixing of the exhaled air 
with the room air promoted by the fans. The mixing caused a general increase in 
concentration of contaminants in the room, and it was affected by the interaction of 
the flow generated by the fans with the free convection flow around manikin’s body.  
14. The degree of cross-contamination transport between the two occupants simulated 
by the breathing thermal manikins varied with the arrangements of the room layout. 
The results showed that the occupant was most protected from cross-contamination 
when the exposed occupant was seated behind a polluting occupant and both were 
facing the same direction. The worst case of cross-contamination was when two 
occupants were facing each other. The position of fans did not affect the contaminant 





10.2 Recommendations for Future Work 
10.2.1 Recommendation on Scientific Research  
The findings of the thermal performance and subjective assessments in this study can 
be substantiated by extending it to full-scale study in offices.  
 
The performance of the novel system in rooms with high heat load and high ceiling, 
i.e. large vertical temperature gradient needs to be examined by objective 
measurements and subjective assessment.  The subjective study on thermal and perceived 
air quality conducted in this study is useful for the application of the enhanced DV system in 
the tropics. It will be useful to assess if there are any differences in the acceptance of the 
enhanced DV system between tropically-acclimatized subjects and temperate subjects.   
 
The performance of the novel system should be studied with the inclusion of realistic 
scenarios such as occupant’s walking, and changes in user’s activities, e.g. 
maintaining human thermal comfort when user returns to workplace after lunch with 
increased metabolic rate.  
 
Future work on the enhanced DV system also might have a wider range of age group 
of between 18 – 62 years old to best simulate the real office situation. 
 
10.2.2 Recommendation on Technology Development  
The fans mounted at the corners of the chair can be replaced by adjustable fans that 
can slide along the sides of the chair. This may cater for the varying sitting posture of 
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users. In addition, users should be given a greater control in the adjustment of speed 
and position of the fans in achieving preferred thermal comfort condition.  
 
Moreover, the fans used in this study are some basic computer cooling propeller fans, 
through which the air is blown in a straight line parallel to the axis. Centrifugal fans 
could be tested. With the blades parallel to the users’ body, safety for occupants could 
be improved since chances of users accidentally touching the spinning blades are 
greatly reduced when working on a modified chair.  
 
However, the design of the furniture itself as well as the integration of the fans to it 
need to be carefully justified, since they might affect the flow characteristics and 
consequently the contaminant distribution. The results presented in this thesis may not 
be directly applicable to a different configuration. 
 
The four fans mounted at the each corner of the chair may also be powered by dry-cell 
battery which can be charged over the night. Although dry-cells will certainly add to 
the consumption of energy as a system, the overall saving due to the temperature 
difference would be much more than the energy consumed by charging the battery. 
Besides, this would be an attractive option as it enables more mobility in the use of 
the system. On the whole, these features will improve the aesthetics and ergonomics 
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Breathing Thermal Manikins 
 
Breathing thermal manikins were used to annotate the levels of thermal comfort. It 
works by sensing the fluctuations in surface temperature with the help of wires 
mounted beneath each of its body segments, whose number vary between 16, 23 and 
26 in this study since 3 different breathing thermal manikins were employed with one 
at NUS and the other 2 at DTU. These wires are coated with 0.5 mm-thick glass fibre 
shields, protecting it from mechanical damage. The temperature-resistance 
relationship was calibrated prior to the experiments, while the distance between the 
wires is set at less than 2 mm, so that a uniform temperature distribution on the skin 
surface can be achieved.  
 
Each manikin responds to the environmental conditions by compensating heat loss 
that has already caused a drop in skin temperature. Hence, under steady conditions, 
the heat supplied to different segments is equivalent to the heat loss from the skin 
surface. This compensation of supplied heat can be derived from the surface area and 
electricity consumption of each segment, and is what is finally collected and treated as 
data. In addition, each body segment controls a power switch for heating and 
calculating the power consumption. They are also connected to a computer where 
measurements are recorded approximately at every half minute interval, along with 
mean surface temperature and mean unit heat loss  
 
The body segments themselves are made of a 3 mm fibre glass armed polystyrene 
shell. The joints at neck, shoulders, hips and knees allow the body to be adjusted in 
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various postures while the segments allow the manikin to be independently controlled 
and measured.  
 
Table A.1 shows the 26 body segments of the thermal manikin at NUS and their 
respective surface areas. Note: The lung system of the thermal manikin was not used, 
i.e. the manikin was not breathing for the preliminary study at NUS. 
 
Table A.1 Body segments and respective areas of the manikin at NUS 
Name of body segments Area (m2) 
L. Foot 0.043 
R. Foot 0.043 
L. Lower leg 0.090 
R. Lower leg 0.090 
L. Front thigh 0.085 
R. Front thigh 0.088 
L. Back thigh 0.075 
R. Back thigh 0.078 
Pelvis 0.055 
Back side 0.110 
Skull 0.050 
L. Face 0.0258 
R. Face 0.0258 
Back of neck 0.0248 
L. Hand 0.038 
R. Hand 0.037 
L. Forearm 0.050 
R. Forearm 0.050 
L. Upper arm out 0.0419 
R. Upper arm out 0.0436 
L. Upper arm in 0.0319 
R. Upper arm in 0.0336 
L. Chest 0.070 
R. Chest 0.070 






Table A.2 shows the respective surface areas of the 16-body-segment and the 23-
body-segment breathing thermal manikins at DTU.  
 
Table A.2 Body segments and respective areas of the manikins at DTU 
Name of body segments 
Area (m2) 
Manikin with 23 body 
segments 
Area (m2) 
Manikin with 16 body 
segments 
L. Foot 0.043 0.043 
R. Foot 0.043 0.041 
L. Lower leg 0.090 0.089 
R. Lower leg 0.090 0.089 
L. Front thigh 0.080 0.160 (L. Thigh)  
R. Front thigh 0.083 0.165 (R. Thigh) 
L. Back thigh 0.080 -- 
R. Back thigh 0.083 -- 
Pelvis 0.055 0.182 
Back side 0.110 -- 
Skull 0.050 0.1 (Head) 
L. Face 0.026 -- 
R. Face 0.026 -- 
Back of neck 0.025 -- 
L. Hand 0.038 0.038 
R. Hand 0.037 0.037 
L. Forearm 0.050 0.052 
R. Forearm 0.050 0.052 
L. Upper arm 0.073 0.073 
R. Upper arm 0.078 0.078 
L. Chest 0.070 0.144 (Chest) 
R. Chest 0.070 -- 
Back 0.130 0.133 









Questionnaire Used in the Parametric Study 
 
Questionnaire 1         Before entering chamber 
Name: __________   Sex: ______   Age: _____ Height: _______ Weight: ________ 
Date: __________ Time: __________  Workstation No: ________   
 
1.  Please assess your thermal sensation for the whole body:  
Cold Cool Slightly cool Neutral Slightly 
warm 
Warm Hot 
-3 -2 -1 0 +1 +2 +3 
 
2.  Please assess your thermal comfort level for the whole body:  
Much too 
cold 







Too hot Much too 
hot 
-3 -2 -1 0 +1 +2 +3 
 
3.  Please assess the acceptability of the thermal condition:  
 
 
4.  Please assess the odor intensity:  
 
No 
     
    Very strong  Slight 
     
Moderate 
     
Strong 
     
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
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5.  Please assess the perceived air quality: 
 
 
6.  Please assess the environment: 
  a.    Too humid |________________________|________________________| Too dry 
  b.    Air stuffy |________________________|________________________| Air fresh 
  c.    Too bright  |________________________|________________________| Too dark 












    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
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Questionnaire 2-1      Right after entering chamber 
1.  Please enter a number in each box in the diagram below to indicate the thermal 
sensation of each body section and the whole body at this moment. The 7-value 
numerical scale to be used appears in the table below: 
 Cold Cool Slightly cool Neutral Slightly 
warm 
Warm Hot 




Assess the thermal 




 2.  Please enter a number in each box in the diagram below to indicate the thermal 
comfort level of each body section and the whole body at this moment. The 7-value 
numerical scale to be used appears in the table below: 
Much too 
cold 







Too hot Much too 
hot 





Assess the thermal 




3.  Please assess the acceptability of the thermal condition:  
 
 
4.  Please assess the odor intensity:  
 
 
5.  Please assess the perceived air quality: 
 
 
6.  Please assess the environment: 
  a.    Too humid |________________________|________________________| Too dry 
  b.    Air stuffy |________________________|________________________| Air fresh 
  c.    Too bright  |________________________|________________________| Too dark 
  d.    Too noisy |________________________|________________________|   Too quiet 
 
7.  Please assess the irritation in 
              No irritation            Slight              Moderate               Strong     Very strong irritation 
  a. Nose       |___________|___________|___________|___________|        
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
No 
     
    Very strong  Slight 
     
Moderate 
     
Strong 
     
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
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  b. Throat       |___________|___________|___________|___________|        
  c. Eyes       |___________|___________|___________|___________|        
8.  Personal sensation 
Right now, I feel as follows: 
  a.    Nose blocked    |_______________________|_______________________|        Nose clear 
  b.    Nose dry        |_______________________|_______________________|        Nose running 
  c.    Throat dry       |_______________________|_______________________|        Throat not dry 
  d.    Mouth dry       |_______________________|_______________________|        Mouth not dry 
  e.    Lips dry         |_______________________|_______________________|        Lips not dry 
  f.     Skin dry       |_______________________|_______________________|       Skin not dry 
  g.    Eyes dry        |_______________________|_______________________|       Eyes not dry 
  h.    Eyes aching      |_______________________|_______________________|       Eyes not aching 
  i.    Eyes gritty       |_______________________|_______________________|       Eyes not gritty 
  j. Severe headache  |_______________________|_______________________|        No headache 
  k.    Tired                 |_______________________|_______________________|        Not tired 
  l.     Sleepy               |_______________________|_______________________|        Not sleepy 
  m.    Feeling bad      |_______________________|_______________________|        Feeling good 
 
9.   Do you feel any air movement?             Yes                   No  
If ”yes", where do you feel the air movement? 
   ٱFeet   ٱCalf    ٱThigh    ٱWaist     ٱTorso    ٱArms    Other Part ( Please specify__________ ) 
  
10.   Please assess the air movement if you feel it:  
 
11.   How do you want to change the air movement?  
    ٱincrease   ٱno change   ٱreduce 
    Very 
Unacceptable        Just 
Unacceptable 
    Very 
Acceptable 




Questionnaire 2-2                              When time = 30 minutes 
1.  Please enter a number in each box in the diagram below to indicate the thermal 
sensation of each body section and the whole body at this moment. The 7-value 
numerical scale to be used appears in the table below: 
 Cold Cool Slightly cool Neutral Slightly 
warm 
Warm Hot 




Assess the thermal 




2.  Please enter a number in each box in the diagram below to indicate the thermal 
comfort level of each body section and the whole body at this moment. The 7-value 
numerical scale to be used appears in the table below: 
Much too 
cold 







Too hot Much too 
hot 





Assess the thermal 




3.  Please assess the acceptability of the thermal condition:  
 
4.  Please assess the odor intensity:  
 
5.  Please assess the perceived air quality: 
 
6.   Do you feel any air movement?             Yes                   No  
If ”yes", where do you feel the air movement? 
    ٱFeet   ٱCalf    ٱThigh    ٱWaist     ٱTorso    ٱArms    ٱOther Part ( Please specify__________ ) 
 
7.   Please assess the air movement if you feel it:  
 
8.   Please indicate the current fan speed   
    ٱhigh   ٱmoderate   ٱlow 
9.   How do you want to change the air movement?  
ٱincrease   ٱno change   ٱreduce 
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
No 
     
    Very strong  Slight 
     
Moderate 
     
Strong 
     
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
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Questionnaire 2-3                              When time = 60 minutes 
1.  Please enter a number in each box in the diagram below to indicate the thermal 
sensation of each body section and the whole body at this moment. The 7-value 
numerical scale to be used appears in the table below: 
 Cold Cool Slightly cool Neutral Slightly 
warm 
Warm Hot 




Assess the thermal 




2.  Please enter a number in each box in the diagram below to indicate the thermal 
comfort level of each body section and the whole body at this moment. The 7-value 
numerical scale to be used appears in the table below: 
Much too 
cold 







Too hot Much too 
hot 





Assess the thermal 




3.  Please assess the acceptability of the thermal condition:  
 
4.  Please assess the odor intensity:  
 
5.  Please assess the perceived air quality: 
 
6.   Do you feel any air movement?             Yes                   No  
If ”yes", where do you feel the air movement? 
    ٱFeet   ٱCalf    ٱThigh    ٱWaist     ٱTorso    ٱArms    ٱOther Part ( Please specify__________ ) 
 
7.   Please assess the air movement if you feel it:  
 
8.   Please indicate the current fan speed   
    ٱhigh   ٱmoderate   ٱlow 
9.   How do you want to change the air movement?  
ٱincrease   ٱno change   ٱreduce 
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
No 
     
    Very strong  Slight 
     
Moderate 
     
Strong 
     
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
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Questionnaire 2-4                              When time = 90 minutes 
1.  Please enter a number in each box in the diagram below to indicate the thermal 
sensation of each body section and the whole body at this moment. The 7-value 
numerical scale to be used appears in the table below: 
 Cold Cool Slightly cool Neutral Slightly 
warm 
Warm Hot 




Assess the thermal 




2.  Please enter a number in each box in the diagram below to indicate the thermal 
comfort level of each body section and the whole body at this moment. The 7-value 
numerical scale to be used appears in the table below: 
Much too 
cold 







Too hot Much too 
hot 





Assess the thermal 




3.  Please assess the acceptability of the thermal condition:  
 
4.  Please assess the odor intensity:  
 
5.  Please assess the perceived air quality: 
 
6.   Do you feel any air movement?             Yes                   No  
If ”yes", where do you feel the air movement? 
    ٱFeet   ٱCalf    ٱThigh    ٱWaist     ٱTorso    ٱArms    ٱOther Part ( Please specify__________ ) 
 
7.   Please assess the air movement if you feel it:  
 
8.   Please indicate the current fan speed   
    ٱhigh   ٱmoderate   ٱlow 
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
No 
     
    Very strong  Slight 
     
Moderate 
     
Strong 
     
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
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9.   How do you want to change the air movement?  
ٱincrease   ٱno change   ٱreduce 
10.  Please assess the environment: 
  a.    Too humid |________________________|________________________| Too dry 
  b.    Air stuffy |________________________|________________________| Air fresh 
  c.    Too bright  |________________________|________________________| Too dark 
  d.    Too noisy |________________________|________________________|   Too quiet 
 
11.  Please assess the irritation in 
              No irritation            Slight              Moderate               Strong     Very strong irritation 
  a. Nose       |___________|___________|___________|___________|        
  b. Throat       |___________|___________|___________|___________|        
  c. Eyes       |___________|___________|___________|___________|        
 
12.  Personal sensation 
Right now, I feel as follows: 
  a.    Nose blocked    |_______________________|_______________________|        Nose clear 
  b.    Nose dry        |_______________________|_______________________|        Nose running 
  c.    Throat dry       |_______________________|_______________________|        Throat not dry 
  d.    Mouth dry       |_______________________|_______________________|        Mouth not dry 
  e.    Lips dry         |_______________________|_______________________|        Lips not dry 
  f.     Skin dry       |_______________________|_______________________|       Skin not dry 
  g.    Eyes dry        |_______________________|_______________________|       Eyes not dry 
  h.    Eyes aching      |_______________________|_______________________|       Eyes not aching 
  i.    Eyes gritty       |_______________________|_______________________|       Eyes not gritty 
  j. Severe headache  |_______________________|_______________________|        No headache 
  k.    Tired                 |_______________________|_______________________|        Not tired 
  l.     Sleepy               |_______________________|_______________________|        Not sleepy 
  m.    Feeling bad      |_______________________|_______________________|        Feeling good 
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Questionnaire 3 (Male)        
  





Sleeves Materials  
 Long Sleeves 
 Short Sleeves 
 Normal  
e.g: cotton, polyester 
 Light  
e.g: silk, linen 
 Thick  
e.g: leather, wool 
Undergarment  
 Long sleeves T-shirt 
 Sleeveless Singlet 
 Short sleeves T-shirt 











 Office trousers 






 Normal  
e.g: cotton, polyester 
 Light  
e.g: silk, linen 
 Thick  









 Long sleeves cotton 
sweater / cardigan 
 Short sleeves cotton 
sweater / cardigan 
 Long sleeves wool 
sweater 
 Sleeveless vest 





 Fleece/polyester jacket 
 Thick insulative jacket 
 
 Cotton/polyester socks 
 Silk socks 
 Woollen socks 
 Pantyhose 
 Foot stockings 
 Leather Shoes  
 Sports 
Shoes 
 Open toes 
shoes  
  
Do you wear contact lenses?    Yes              No    
If you are wearing something that you can't find proper description from above, 





Questionnaire 3 (Female)        
  





Sleeves Neckline Materials 
 Long Sleeves 
 Short Sleeves 
 Sleeveless 
 Spaghetti stripes/Tube 
top  
 




 With Tie 
 
 Normal  
e.g: cotton, polyester 
 Light  
e.g: silk, linen 
 Thick  








 Office trousers 






 Mini skirt 
 Knee-length skirt/dress 
 ¾ - length skirt/dress 
 Long skirt/dress 
 ¾ pants 
 Long pants 
 
 Normal  
e.g: cotton, polyester 
 Light  
e.g: silk, linen 
 Thick  










 Long sleeves cotton 
sweater / cardigan 
 Short sleeves cotton 
sweater / cardigan 
 Long sleeves wool 
sweater 
 Sleeveless vest 




 Ladies jacket/suit 
 Windbreaker 
 Fleece/polyester jacket 
 Thick insulative jacket 
 
 Cotton/polyester socks 
 Silk socks 
 Woollen socks 
 Pantyhose 
 Knee length stockings 
 Foot stockings 
 Sandals, 
mules 
 Dress shoes    
 Pumps  
 
 
Do you wear contact lenses?    Yes              No    
If you are wearing something that you can't find proper description from above, 











  Name: ____________   Sex: _______   Age: ________ Height: _______ Weight: ________ 
  Date: __________ Time: __________   Workstation No: ________   
 
Time 
Did you change your attire during the 
following 5-min intervals? 
 
 If “yes”, please specify:  
 put on / remove________(type of attire) 
Did you adjust the fan speed during the 
following 5-min intervals?    If “yes”, 
please specify: 
 
changed fan speed from 
(high/medium/low level) to 
(high/medium/low level) 
5 mins    
10 mins    
15 mins    
20 mins    
25 mins    
30 mins    
35 mins    
40 mins    
45 mins    
50 mins    
55 mins    
60 mins    
65 mins    
70 mins    
75 mins    
80 mins    
85 mins    







Questionnaire Used in the Final Study 
 
Questionnaire 1         Before entering chamber 
Name: __________   Sex: ______   Age: _____ Height: _______ Weight: ________ 
Date: __________ Time: __________  Workstation No: ________   
 
1.  Please assess your thermal sensation for the whole body:  
Cold Cool Slightly cool Neutral Slightly 
warm 
Warm Hot 
-3 -2 -1 0 +1 +2 +3 
 
2.  Please assess your thermal comfort level for the whole body:  
Much too 
cold 







Too hot Much too 
hot 
-3 -2 -1 0 +1 +2 +3 
 
3.  Please assess the acceptability of the thermal condition:  
 
 
4.  Please assess the odor intensity:  
 
No 
     
    Very strong  Slight 
     
Moderate 
     
Strong 
     
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
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5.  Please assess the perceived air quality: 
 
 
6.  Please assess the environment: 
  a.    Too humid |________________________|________________________| Too dry 
  b.    Air stuffy |________________________|________________________| Air fresh 
  c.    Too bright  |________________________|________________________| Too dark 












    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
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Questionnaire 2-1      Right after entering chamber 
1.  Please enter a number in each box in the diagram below to indicate the thermal 
sensation of each body section and the whole body at this moment. The 7-value 
numerical scale to be used appears in the table below: 
 Cold Cool Slightly cool Neutral Slightly 
warm 
Warm Hot 




Assess the thermal 




 2.  Please enter a number in each box in the diagram below to indicate the thermal 
comfort level of each body section and the whole body at this moment. The 7-value 
numerical scale to be used appears in the table below: 
Much too 
cold 







Too hot Much too 
hot 





Assess the thermal 




3.  Please assess the acceptability of the thermal condition:  
 
 
4.  Please assess the odor intensity:  
 
 
5.  Please assess the perceived air quality: 
 
 
6.  Please assess the environment: 
  a.    Too humid |________________________|________________________| Too dry 
  b.    Air stuffy |________________________|________________________| Air fresh 
  c.    Too bright  |________________________|________________________| Too dark 
  d.    Too noisy |________________________|________________________|   Too quiet 
 
7.  Please assess the irritation in 
              No irritation            Slight              Moderate               Strong     Very strong irritation 
  a. Nose       |___________|___________|___________|___________|        
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
No 
     
    Very strong  Slight 
     
Moderate 
     
Strong 
     
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
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  b. Throat       |___________|___________|___________|___________|        
  c. Eyes       |___________|___________|___________|___________|        
8.  Personal sensation 
Right now, I feel as follows: 
  a.    Nose blocked    |_______________________|_______________________|        Nose clear 
  b.    Nose dry        |_______________________|_______________________|        Nose running 
  c.    Throat dry       |_______________________|_______________________|        Throat not dry 
  d.    Mouth dry       |_______________________|_______________________|        Mouth not dry 
  e.    Lips dry         |_______________________|_______________________|        Lips not dry 
  f.     Skin dry       |_______________________|_______________________|       Skin not dry 
  g.    Eyes dry        |_______________________|_______________________|       Eyes not dry 
  h.    Eyes aching      |_______________________|_______________________|       Eyes not aching 
  i.    Eyes gritty       |_______________________|_______________________|       Eyes not gritty 
  j. Severe headache  |_______________________|_______________________|        No headache 
  k.    Tired                 |_______________________|_______________________|        Not tired 
  l.     Sleepy               |_______________________|_______________________|        Not sleepy 
  m.    Feeling bad      |_______________________|_______________________|        Feeling good 
 
9.   Do you feel any air movement?             Yes                   No  
If ”yes", where do you feel the air movement? 
   ٱFeet   ٱCalf    ٱThigh    ٱWaist     ٱTorso    ٱArms    Other Part ( Please specify__________ ) 
  
10.   Please assess the air movement if you feel it:  
 
11.   How do you want to change the air movement?  
ٱincrease   ٱno change   ٱreduce 
    Very 
Unacceptable        Just 
Unacceptable 
    Very 
Acceptable 




Questionnaire 2-2                              When time = 30 minutes 
1.  Please enter a number in each box in the diagram below to indicate the thermal 
sensation of each body section and the whole body at this moment. The 7-value 
numerical scale to be used appears in the table below: 
 Cold Cool Slightly cool Neutral Slightly 
warm 
Warm Hot 




Assess the thermal 




2.  Please enter a number in each box in the diagram below to indicate the thermal 
comfort level of each body section and the whole body at this moment. The 7-value 
numerical scale to be used appears in the table below: 
Much too 
cold 







Too hot Much too 
hot 





Assess the thermal 




3.  Please assess the acceptability of the thermal condition:  
 
4.  Please assess the odor intensity:  
 
5.  Please assess the perceived air quality: 
 
6.   Do you feel any air movement?             Yes                   No  
If ”yes", where do you feel the air movement? 
    ٱFeet   ٱCalf    ٱThigh    ٱWaist     ٱTorso    ٱArms    ٱOther Part ( Please specify__________ ) 
 
7.   Please assess the air movement if you feel it:  
 
 
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
No 
     
    Very strong  Slight 
     
Moderate 
     
Strong 
     
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
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8.   Please indicate the current fan speed (for Case 2 in which you are allowed to 
adjust the fan speed) 
ٱhigh   ٱmoderate   ٱlow 
9.    Please indicate the current fan discharge angle  
ٱ0°   ٱ30°    ٱ60°  
11.  Based on your thermal sensation in the past 30 minutes, if given an option, 
would you like to make any change to the fans (speed or discharge angle)  
                 Yes                   No 
12.   If you have answered “yes” to Question 11, how do you want to change the air 
movement?  














Questionnaire 2-3                              When time = 60 minutes 
1.  Please enter a number in each box in the diagram below to indicate the thermal 
sensation of each body section and the whole body at this moment. The 7-value 
numerical scale to be used appears in the table below: 
 Cold Cool Slightly cool Neutral Slightly 
warm 
Warm Hot 




Assess the thermal 




2.  Please enter a number in each box in the diagram below to indicate the thermal 
comfort level of each body section and the whole body at this moment. The 7-value 
numerical scale to be used appears in the table below: 
Much too 
cold 







Too hot Much too 
hot 





Assess the thermal 




3.  Please assess the acceptability of the thermal condition:  
 
4.  Please assess the odor intensity:  
 
5.  Please assess the perceived air quality: 
 
6.   Do you feel any air movement?             Yes                   No  
If ”yes", where do you feel the air movement? 
    ٱFeet   ٱCalf    ٱThigh    ٱWaist     ٱTorso    ٱArms    ٱOther Part ( Please specify__________ ) 
 
7.   Please assess the air movement if you feel it:  
 
 
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
No 
     
    Very strong  Slight 
     
Moderate 
     
Strong 
     
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
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8.   Please indicate the current fan speed (for Case 2 in which you are allowed to 
adjust the fan speed) 
ٱhigh   ٱmoderate   ٱlow 
9.    Please indicate the current fan discharge angle  
ٱ0°   ٱ30°    ٱ60°  
11.  Based on your thermal sensation in the past 30 minutes, if given an option, 
would you like to make any change to the fans (speed or discharge angle)  
                 Yes                   No 
12.   If you have answered “yes” to Question 11, how do you want to change the air 
movement?  














Questionnaire 2-4                              When time = 90 minutes 
1.  Please enter a number in each box in the diagram below to indicate the thermal 
sensation of each body section and the whole body at this moment. The 7-value 
numerical scale to be used appears in the table below: 
 Cold Cool Slightly cool Neutral Slightly 
warm 
Warm Hot 




Assess the thermal 




2.  Please enter a number in each box in the diagram below to indicate the thermal 
comfort level of each body section and the whole body at this moment. The 7-value 
numerical scale to be used appears in the table below: 
Much too 
cold 







Too hot Much too 
hot 





Assess the thermal 




3.  Please assess the acceptability of the thermal condition:  
 
4.  Please assess the odor intensity:  
 
5.  Please assess the perceived air quality: 
 
6.   Do you feel any air movement?             Yes                   No  
If ”yes", where do you feel the air movement? 
    ٱFeet   ٱCalf    ٱThigh    ٱWaist     ٱTorso    ٱArms    ٱOther Part ( Please specify__________ ) 
7.   Please assess the air movement if you feel it:  
 
8.   Please indicate the current fan speed (for Case 2 in which you are allowed to 
adjust the fan speed) 
ٱhigh   ٱmoderate   ٱlow 
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
No 
     
    Very strong  Slight 
     
Moderate 
     
Strong 
     
    Very 
Unacceptable 
       Just 
  Unacceptable 
      Just 
  Acceptable 
    Very 
  Acceptable 
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9.    Please indicate the current fan discharge angle  
ٱ0°   ٱ30°    ٱ60°  
11.  Based on your thermal sensation in the past 30 minutes, if given an option, 
would you like to make any change to the fans (speed or discharge angle)  
                 Yes                   No 
12.   If you have answered “yes” to Question 11, how do you want to change the air 
movement?  
ٱincrease   ٱno change   ٱreduce 
 
13.  Please assess the environment: 
  a.    Too humid |________________________|________________________| Too dry 
  b.    Air stuffy |________________________|________________________| Air fresh 
  c.    Too bright  |________________________|________________________| Too dark 
  d.    Too noisy |________________________|________________________|   Too quiet 
 
11.  Please assess the irritation in 
              No irritation            Slight              Moderate               Strong     Very strong irritation 
  a. Nose       |___________|___________|___________|___________|        
  b. Throat       |___________|___________|___________|___________|        
  c. Eyes       |___________|___________|___________|___________|        
 
12.  Personal sensation 
Right now, I feel as follows: 
  a.    Nose blocked    |_______________________|_______________________|        Nose clear 
  b.    Nose dry        |_______________________|_______________________|        Nose running 
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  c.    Throat dry       |_______________________|_______________________|        Throat not dry 
  d.    Mouth dry       |_______________________|_______________________|        Mouth not dry 
  e.    Lips dry         |_______________________|_______________________|        Lips not dry 
  f.     Skin dry       |_______________________|_______________________|       Skin not dry 
  g.    Eyes dry        |_______________________|_______________________|       Eyes not dry 
  h.    Eyes aching      |_______________________|_______________________|       Eyes not aching 
  i.    Eyes gritty       |_______________________|_______________________|       Eyes not gritty 
  j. Severe headache  |_______________________|_______________________|        No headache 
  k.    Tired                 |_______________________|_______________________|        Not tired 
  l.     Sleepy               |_______________________|_______________________|        Not sleepy 





















Questionnaire 3 (Male)        
  





Sleeves Materials  
 Long Sleeves 
 Short Sleeves 
 Normal  
e.g: cotton, polyester 
 Light  
e.g: silk, linen 
 Thick  
e.g: leather, wool 
Undergarment  
 Long sleeves T-shirt 
 Sleeveless Singlet 
 Short sleeves T-shirt 











 Office trousers 






 Normal  
e.g: cotton, polyester 
 Light  
e.g: silk, linen 
 Thick  









 Long sleeves cotton 
sweater / cardigan 
 Short sleeves cotton 
sweater / cardigan 
 Long sleeves wool 
sweater 
 Sleeveless vest 





 Fleece/polyester jacket 
 Thick insulative jacket 
 
 Cotton/polyester socks 
 Silk socks 
 Woollen socks 
 Pantyhose 
 Foot stockings 
 Leather Shoes  
 Sports 
Shoes 
 Open toes 
shoes  
  
Do you wear contact lenses?    Yes              No    
If you are wearing something that you can't find proper description from above, 





Questionnaire 3 (Female)        
  





Sleeves Neckline Materials 
 Long Sleeves 
 Short Sleeves 
 Sleeveless 
 Spaghetti stripes/Tube 
top  
 




 With Tie 
 
 Normal  
e.g: cotton, polyester 
 Light  
e.g: silk, linen 
 Thick  








 Office trousers 






 Mini skirt 
 Knee-length skirt/dress 
 ¾ - length skirt/dress 
 Long skirt/dress 
 ¾ pants 
 Long pants 
 
 Normal  
e.g: cotton, polyester 
 Light  
e.g: silk, linen 
 Thick  










 Long sleeves cotton 
sweater / cardigan 
 Short sleeves cotton 
sweater / cardigan 
 Long sleeves wool 
sweater 
 Sleeveless vest 




 Ladies jacket/suit 
 Windbreaker 
 Fleece/polyester jacket 
 Thick insulative jacket 
 
 Cotton/polyester socks 
 Silk socks 
 Woollen socks 
 Pantyhose 
 Knee length stockings 
 Foot stockings 
 Sandals, 
mules 
 Dress shoes    
 Pumps  
 
 
Do you wear contact lenses?    Yes              No    
If you are wearing something that you can't find proper description from above, 















Table D.1 Climate chamber room conditions for parametric study 

































1 20.3 22.5 22.1 67.8 31 
2 20.5 22.5 21.8 68.2 30 
3 20.4 22.3 21.7 69.2 29 
4 20.5 22.4 21.9 67.3 31 
Average 20.42 22.42 21.87 68.13 30.3 
22 
1 21.8 24.3 23.7 68.3 31 
2 22.1 24.5 23.9 68.6 31 
3 22.3 24.4 23.7 67.8 30 
4 21.9 24.2 23.5 68.9 31 
Average 22.02 24.35 23.70 68.40 30.8 
24 
1 24.4 26.3 25.4 68.8 31 
2 23.7 26.4 25.2 67.4 31 
3 23.9 26.2 25.1 69.1 30 
4 24.1 26.0 25.5 69.9 30 





1 20.4 22.3 21.6 70.1 29 
2 20.4 22.2 21.7 69.8 32 
3 20.3 22.3 21.5 68.7 31 
4 20.5 22.1 21.5 68.9 31 
Average 20.40 22.23 21.58 69.38 30.8 
22 
1 22.1 24.3 23.8 68.1 30 
2 22.3 24.5 23.7 69.2 29 
3 21.9 24.2 23.6 69.5 30 
4 21.8 24.2 23.6 68.6 30 
Average 22.03 24.30 23.68 68.85 29.8 
24 
1 24.1 26.3 25.7 67.8 30 
2 23.9 26.2 25.5 68.9 31 
3 23.8 26.2 25.6 69.1 28 
4 23.6 26.00 25.6 68.2 30 









































































Experimental Conditions of the Human Subjective Study in the 
Parametric Study 
 





























1 20.2 22.7 22.3 66.3 30 
2 20.2 22.9 22.4 67.1 29 
3 20.1 23.1 21.7 65.4 29 
4 20.5 23.4 22.2 66.8 30 
Average 20.25 22.03 22.15 66.40 29.5 
22 
1 21.6 24.4 24.1 66.8 31 
2 22.1 24.7 24.2 67.8 29 
3 22.2 24.8 23.9 67.30 29 
4 21.9 24.2 23.6 68.9 30 
Average 21.95 24.53 23.95 68.40 29.8 
24 
1 23.9 27.1 26.4 67.8 30 
2 24.3 27.2 25.8 67.1 31 
3 23.7 26.9 25.7 69.5 29 
4 23.9 26.7 26.2 68.2 29 
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Figure F.2 Correlation of LTC and LTS of the back 
 
LTS  
(-3 cold, -2 cool, -1 slightly cool, 0 neutral, 
 1 slightly warm, 2 warm, 3 hot) 
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Regression Equations of Teq of Body Segments of the Manikin 
 
Body segments A 
[°C] 
B 
[m2 · °C/W] 
Teq 
[°C] No. Name 
1 L. Foot 36.334 0.312 Teq=36.334-0.312×Qt 
2 R. Foot 36.325 0.289 Teq=36.325-0.289×Qt 
3 L. Lower leg 35.749 0.268 Teq=35.749-0.268×Qt 
4 R. Lower leg 35.684 0.324 Teq=35.684-0.324×Qt 
5 L. Front thigh 35.294 0.287 Teq=35.294-0.287×Qt 
6 R. Front thigh 35.472 0.329 Teq=35.472-0.329×Qt 
7 L. Back thigh 34.298 0.274 Teq=34.298-0.274×Qt 
8 R. Back thigh 34.733 0.298 Teq=34.733-0.298×Qt 
9 Pelvis 34.834 0.172 Teq=34.834-0.172×Qt 
10 Back side 33.649 0.272 Teq=33.649-0.272×Qt 
11 Skull 34.827 0.178 Teq=34.827-0.178×Qt 
12 L. Face 33.653 0.273 Teq=33.653-0.273×Qt 
13 R. Face 34.183 0.195 Teq=34.183-0.195×Qt 
14 Back of neck 34.283 0.263 Teq=34.283-0.263×Qt 
15 L. Hand 35.325 0.128 Teq=35.325-0.128×Qt 
16 R. Hand 34.982 0.273 Teq=34.982-0.273×Qt 
17 L. Forearm 34.283 0.362 Teq=34.283-0.362×Qt 
18 R. Forearm 34.537 0.325 Teq=34.537-0.325×Qt 
19 L. Upper arm 35.283 0.257 Teq=35.283-0.257×Qt 
20 R. Upper arm 35.362 0.318 Teq=35.362-0.318×Qt 
21 L. Chest 34.982 0.243 Teq=34.982-0.243×Qt 
22 R. Chest 34.765 0.382 Teq=34.765-0.382×Qt 
23 Back 34.826 0.283 Teq=34.826-0.283×Qt 








Linear Regressions between Equivalent Temperature and Mean 


















Figure H.1 Linear regression between equivalent temperature and Mean Thermal Vote for 

















Figure H.2 Linear regression between equivalent temperature and Mean Thermal Vote for 
the back, (-3 cold, -2 cool, -1 slightly cool, 0 neutral, 1 slightly warm, 2 warm, 3 hot) 
Equivalent Temperature (°C) 
 



























Figure H.3 Linear regression between equivalent temperature and Mean Thermal Vote for 












Figure H.4 Linear regression between equivalent temperature and Mean Thermal Vote for 
the waist, (-3 cold, -2 cool, -1 slightly cool, 0 neutral, 1 slightly warm, 2 warm, 3 hot) 
 
 
Equivalent Temperature (°C) 
 





















Figure H.5 Linear regression between equivalent temperature and Mean Thermal Vote for 












Figure H.6 Linear regression between equivalent temperature and Mean Thermal Vote for 




Equivalent Temperature (°C) 
 





















Figure H.7 Linear regression between equivalent temperature and Mean Thermal Vote for 













Figure H.8 Linear regression between equivalent temperature and Mean Thermal Vote for 
the left hand, (-3 cold, -2 cool, -1 slightly cool, 0 neutral, 1 slightly warm, 2 warm, 3 hot) 
 
 
Equivalent Temperature (°C) 
 





















Figure H.9 Linear regression between equivalent temperature and Mean Thermal Vote for 













Figure H.10 Linear regression between equivalent temperature and Mean Thermal Vote for 
the left thigh, (-3 cold, -2 cool, -1 slightly cool, 0 neutral, 1 slightly warm, 2 warm, 3 hot) 
 
 
Equivalent Temperature (°C) 
 




















Figure H.11 Linear regression between equivalent temperature and Mean Thermal Vote for 















Figure H.12 Linear regression between equivalent temperature and Mean Thermal Vote for 
the left calf, (-3 cold, -2 cool, -1 slightly cool, 0 neutral, 1 slightly warm, 2 warm, 3 hot) 
 
Equivalent Temperature (°C) 
 




















Figure H.13 Linear regression between equivalent temperature and Mean Thermal Vote for 















Figure H.14 Linear regression between equivalent temperature and Mean Thermal Vote for 
the left foot, (-3 cold, -2 cool, -1 slightly cool, 0 neutral, 1 slightly warm, 2 warm, 3 hot) 
 
Equivalent Temperature (°C) 
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